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CHAPTER I
INTRODUCTION,

The problem of comtrol of weeds in agricultural land has long cone
fronted man, and foxic chemicals have been employed for half a century
in eradication or suppression of éeadse The last two decades hawve seen
a tremendous expansion in the use and variety of epplications, principally
because of the development of translocated organic compounds of a growth
regulatory type which very often are highly selective.

Some indication of the interest in chemical weed control, for example
with the substituted phenoxyacetic acids, can be seen in the fact that in
the U.S.A. alone over twenty million pounds of 2.4=D is manufactured
anmually. The valxme’ of research has likewise been tremendous. Normanetdl
(1), reviewing the field in 1950 covered some three hundred and £ifty new
papers for the previous year on phytotoxicity.

The mechanism of action of growth regulatory type herbicides is an
important problem, particularly in so far as it may throw light on the
physiology of plant growth and development, and their control by plant
hormones,

The general approach is still largely empirical, involving a high
degree of speculation in the selection and synthesis of new compounds
followed by trial and error tests in the laboratory, glasshouse and field.
Detailed physiological studies have been limited and it is only by such
study that the principles of toxic action can be laid down.

This study is an attempt to examine one small facet, the effect of
plant regulators on respiration, of a complex and rapidly expanding field

of endeavour.
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(1) Purpose of the Study

The purpose of the study is to compare the actions of an homologous
series of subs%i‘hutad vhenoxyacetic acids on the endogenous respiration
of three species of Pteridophyta. Experiments are designed %o show the
presence of differences or similarities between the respiratory levels
of the three species of Pheridophvta, together with any significant changes
induced by the application of the plant regulators.

The three substitubed phenoxyacetic acids used were =

(a) Para=h=chlorsphencxyacetic acid. {(4L=CPA)
(») 2,4~ dichlorcphenoxyacetic acid. (2,4« D)
(e) 2,4, 5 = trichlorophenoxyacetic acide (2,45 = T)

0f the three species of fern examined Pteridium aquilinum has an

underground rhizome, Paesia scaberula and Microsorium diversifolium have

an sbove ground rhizomes A brief description of thelr appearance and
habit as described by Dobbie (2) are as follows. ,
(2) Pteridium aquilinum var esculentum. (Forst. f.)

Commonly called "Bracken Fern" or by the Maoris "Rahurahu". In the
Genus Pteridium the rhizome possesses hairs but no scales. The rhizome
has an underground habit of growth. After germination the primary axis
bears about seven to nine leaves, then it forks and each shank burrows
down into the soils The shanks will fork again, unequally so that in
a short time a singlé plant can cover a wide area while its rhizomes,
being underground, are well pmtecte& When the older parts rot beyond
‘the area of branching two individuals are left, It thus multiplies
principally by vegetative propagation. The rhizome is thick, creeping
below the ground producing numerous scabttered fronds. Stipes are wrishle
in length, stout, rigid, erect, smooth and shining, TFronds are usually
from two to six feet long, sometimes ten Yo twelve feet, stiff and harsh,
green to reddish green, lighlter below., Sordi usually extending round



entire margins of fertile segments. Outer indusium formed by reflexed
leaf margin, inner often very poorly developed.

I% is abundant everywhere in New Zealand except in dense foresis.
Found from sea level Yo four thousand feet,

(b) Paesia sesberulas. (A. Rich).

Commonly called "Scented fern", "Lece fern” or “Hard fera". It
belongs to a genug of terrestrial feyns with long creeping sbove ground
rhizomes and finely cut fronds, ususlly with a zige-zag rachis.  Sord
long with true innex indusie, the outer being formed by the reflexed
frond mevgin. The rhizome is wide creeping, rigid wiry and clothed
with chestnut brown scales. Stipes four fto twelve inches long, simuous,
rigid, erect yellow=brown, vrough to the touch, more or less bristly.
Fronds nine e eighteen inches high, rarely more, by four to nine inches

road, pale yellew-green, somewhat horsh to the touch.  Midrdb sinuous,
rouvgh, Beth stipes and fronde arve exiremely hairy and glanduler on
bolh sides. The produst of the glands glves the frond its characteristic
stickiness, The sori ayre usually very coplous when presents It grows
on sunny banks o the exclusion of other plants. Found frow sea level
to twe thousand five hundred feet.

(¢) Microsorium diversifolium. (Willd) Synonomous with Polypodium
ddversifolivm (Willd),

Sgézz’ieéi%s called "Hound's Tongue®., A broad leaved bright green
gpeclies clinbing over rocks and trees wiith a thick creeping shove ground
rhizomes very lrvegulsr in shape and size; the large round sordi of a
bright crange and most conspicucus. The rhizome is long, stout, creeping,
often sea gresn in colour covered with black specks. Stipes jointed to
the rhizomes two to eight inches long, stoub, ereci; smooth and glossye
FronGs numerous, scattered along the rhizome bright green, stiff and firm
in texture, pelished and shining, varying greatly in shepe, sometimes



three to nine inches long by one and a half to twe inches broad, quite
entire; sometimes six to eighteen inches long by three to nine inches
broad deeply cut. Veins netted and conspicuous in young frondse Sori
numerous, large, round, orange-red, forming a single row on each side
of the midrib between margins end midrib or sometimes nearer the former.

Found from sea level to three thousand feet everywhere, in the shade or

Bun.



(ii) The Importance of the Problem

Pteridium aquilinum one of the most successful and widesgpread
species of the family Piteridophyta, is a major weed in unploughable
thérn! England and Scotland, South Eastern

hill counitry regions of No
Australisa and throughout New Zealand, more particularly in the hill
regions of the North Island. Up to the present time no successful
method of eradicating it has been discovered for unploughable countrys
Cultivation of the soil appears to be the only effective method of
providing control; by breaking up and exposing the network of underw
ground rhizomes which enable the plant ‘o recover from the very severest
mitilation of foliages

Chemical treatment has so far been unsuccessful. Contact weed-
killers such as sulphuric acid and sodium chlorate are effective only
in such high concentrations that their use over a large area is un-
sconomics Braid (3) (4) and Bates (5) using sodium chlorate found
that two to three tons per acre could effectively kill Bracken in
localised areas but there was no evidence to suggest any translocation
of the herbicide through the plent and deep seated rhizomes were apt to
escape. Conway and Stephens (6) using 3«p-chlorophenyl=1, 1 dimethylurea
(cMy), Egler (7) and Holly et al (8) using 2 methyl L chlorophenoxyacetic
acid (MCPA), 2,4=D and 2,4,5-T acids $ogether with mixbures of MCPA and
2;4=D, and 2,4, Dand 2,4;5-T at a wide range of concenbrations and at
a munber of seasons of the year found; that although the fronds could
in some cases be destroyed, the rhizomes in every case remained unsffected.
Rhizomes and fronds developing later in the season or in the year follow=
ing treatment were normsl in appearance and did mot differ in nmumber or

height from those on unitreated arcas,



A preliminary spraying trial was carried out in the upper Tiritea
valley, near Palmerston North, in May 1954 (Autumn) on Pteridium

aguilinum and Paesia scaberula using commercial formulations (Buboxyethanol-
esters) of 4~CPA, 2,4=D and 2,4,5-T, in concentrations of two pounds,
one pound and half a pound acid equivalents per acre. Circular plots

four feet in diameter were sprayed and in the case of Paesia scaberula

a ditch six inches deep was opened around the plots to separate treated
and untreated rhizomes.

After four weeks Paesia scaberula showed moderate epinastic effects

in young frond growth after treatments of 4~CPA, 2,4~D and 2,4,5-T at

two pounds. AE/acre and 2,4=D ané. 2,4,5-T at one pound AE/acre. However
the plants recovered and by July there was nothing to indicate any effect
of the treatments.

Pteridium aguilinum showed an even smaller responses 2,4,5=T at

concentrations of two pounds, one pound and one half a pound gave mild
epinastic effects to the rachis and in some cases thickening of the stipe
of the frond. Beyond this, treatment was of no significance and the
plants rapidly recovered,

From these results a conclusion might be made that there is a high
degree of resistance to attack by plant regulators in the growing regions
of the rhizome of Pteridium aquilinum and that attack through the fronds

is not sufficiently effective to ensure complete control of the plant.
Examination of the physiological factors involved in the successful
application of plant regulators as herbicides reveals that the regulator
must first enter the plant, be translocated to the site of action and
then take place in a reaction or reactions which will ultimately bring
about the death of the plant. 1In the particular cases of the three

species of Pteridephyta ultimately examined, the fronds are quite heavily
cutinised, more particularly Pteridium aquilinum. Norman et al (4) have




shown that stomata appesyr t¢ be lmportant though not exclusive means of
entry for oils particularly those of low surface tension; further that
aquzous solutions do not ordinarily penetrate through open stomata.
Diffusion through the cuticle is probably the usual means of entry.

The amount of regulator that enters is a function of the time and
ares of contact: both factors are related to the degree of wetting of
the surface and the contacht angles of discrete droplets (Fogg (9)).
Paesia scaberuls has a very rough frond surface and thus might be expected

to provide a poor surface for entry of both aqueous solutions and oil
formulations,

Non-polar molecules penetrate the cuticle (Bipoidal in nature)
more readily than polar moleculess. Wesk acids in general are absorbed
in the form of undissociated molecules rather than as ions, (9).

Several important physiclogical factors therefore control the entry
of a plant regulstor.

Onece having successfully penetrated the plant, a herbicide may either
act by repidly killing the superficial cells thus preventing further
spread and action unless simple diffusion takes place (very slow), or by
acting more slowly, thus becoming more widely distributed. Substances
entering via the reot are trensported by the transpiration stream.
Transport from the leaf is with the products of photosynthesis {sugars).
(Mitchell and Brown (10), Weaver and De Roze (11).

If we assume that plant regulators can peneitrate the cuticle of
Bracken fronds and thus enter the translocatory stresm it could be further
assumed that they would then be carried %o points of sugar sborage or
utilisation such as the rhizome or primeyy meristem of the rhizome. Does
any further reaction take place at these suger = starch metabolic centres?

In the case where Bracken foliage has been destroyed without apperently
affecting the rhizome, the non~effectiveness may be due to the plant



regulator never reaching the rhizome because the pathway of translocation
iz destroyed by direot herbicidal action of high concentrations of plant
reguletor within cells.

The other alternative is that if the plant regulator is applied in
a low enough concentration to penebrate the cuticle, enter the trans-
locstory streanm without damaging cells and then penetrate to a site of
sction in the rhizome, it msy be in such low concentrations in the rhizome
as ¢ be ineffectual,

By eliminating the two steps, (a) of entry and (b} translocation of
plant regulators, any direct ¢ffects on the rhiizome can be studied. It
;*ag with this aim in mind that the present shudy was carried out.

There are meny interrelated processes which can be involved in a
phytotoxic response to an appiied plant regulator. HMetabolism may be
stimulated %o the point where rapid growth and cell division deplete the
plant of food reserves and photosynthesis is unable to supply enough
energy for the plant to survive. Resistance of the plant to micro=
organisms may be lowered and its death hastened by pathogenss. On the
other hand death may occur through dirsct inhibition of vital processes
such as pholtosynthesis, respiration, water and sall accumulation.

Cell division, and changes in wabter uptake and growth generate a
concomitant change in respiration. I% was for this reason that a measure
of respiratory rate was used to indicate emy effects of the plant regulabtars

on the rhizomes of the three species of fern studied.
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(iii) Definition of Terms Used

The following three terms are used in agreement with a recent (12)
conference on nomenclature of plant growth substances and denote:- V
A, Plant regulators.

"Organic compounds other than aubtrients which in small amounts
promote, inhibit or otherwise modify any physiological process in plants,”
4,CPA, 2,4=D and 2,4,5~T are therefore included in this definition.

Bs Auxin,

"A generic Perm for compounds characterised by their capacity o
induce elongation in shoot cells. They resenble Indole- 3 = acetic acid
in physioclogical action. Auxins may and do affect other processes be-
sides elongation, but elongation is considered cri'ki;al, Auxins are
generally acids with an unsaturated cyclic mucleus or their derivatives."

C. Anti-auxins,

"Are compounds which inhibit competitively the action of auxins,"”

Resgira’biana In this text, respiration refers to aerobic respiration
as measured by changes in the level of oxygen uptake.
Phytotoxic concentrations of Plant rsgulators.

A1l concentrations which inhibit respiration (i.e. decrease oxygen
uptake) are considered to be phytotoxic in the sense that normal death
of tissue is accelerated,
Physiological concentrations of Plant regulators.

Denote all other concentrations used whether they have a stimulatory
effect or none at all on tissue respiration.
Rhizome,

A stem, generally of root like appesrance, having a disgeotropic
position, either above or below the ground (13).

Meristems. The definitions are those adopted by Bames and MacImniels(14).




Promeristem,

The region of new growth in a plant body where the foundation of
new organs or parts of organs is initiated. The remainder of the
meristem represents the early stages of the tissues formed by the pro-
meristem. HNo term exists for this partly developed region in which
segregation of tissues is beginning buit cell division continues freely.
Apical Meristem, |

Initiation of growth is by one or more cells (a solitary cell in
Pieridophytes) situated at the tip of the orgen which maintain their
individuality and position and are called apical initials or cells.

Promeristem consists in part therefore of apical meristem,

Primary Meristems.

Those that build up the fundamental primary part of the plant and
consist in part of promeristem. (There is no secondary development
in ferns.)



CHAPTER II
A REVIEW OF SOME PREVIOUS RELATED STUDIES.

In 1880, Charles Darwin (15) published "The Power of Movement in
Plants" in which he postulated a mechanism for the response of planis
to the force of gravity and unilateral light. His observation that
plants possess a transmisseble "influence" which moves from stimulated
shoot tips to zones of reaction elsewhere in the plant set in motion a
series of studies, which have now developed into a large field of experi=-
mental Boteny entirely devoted to the study of the plant growth regulators.

In 1911 Boysen=Jensen :'(1:‘6) demonstrated beyond doubt that a purely
chemical mechanism underlay this transfer of stimulus, when he sﬁswe&
that the "influence” could pass %hmugh non=living tissue such as gela‘%zinea
It was not until 1926 (17) that this chemical substance was first isolated
in the now classical experiments of F,W, Went in which the substance was
found 4o diffuse into agar blocks if they were placed on cut surfaces of
oat coleoptiless

The first attempt to isolate and carry ocub chemical analysis of the
structure of the “"growth hormone" was made by Dolk and Thimann in 1932
(18). They described the active principle as a weak acid of approximately
the same strength as acetic acide A% about the same period Kgl and
Hoagen=Smit (19) discovered that humen urine was a pardicularly active
source of the growth factor. Purification and elucidation of the cheme
ical structure of crystals obtained from urine showed a substance
suxentriolic acid to be present, (Auxin A,) In further work with maize

germ oil and barley malt they found Auxin A together with ancother substance
which they described as auxenolonic acid (Auxin B. ), A third

substance wag isolated by the same workers from the urine of an

7l 2=
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eighteen year old youth which showed particularly strong growth rege-
ulating properties (20)e They called it Heteroauxin and showed its
chemical structure o be o =~indolyl=acetic acid.

The auxins A and B, have never since been re-isolated, though
mach of the literature of the nineteen~thirties iz dominated by vague
references to them, ﬁ;{% =indolyl~acetic acid has however heen concluse
ively shown to be an sctive principle in almost all plant life, from a
vast mzm?;er of papers published in the last fifteen years.

It is to the isolation of /2 -indolyl-acetic acid g,fﬁ «~I3A) in a
pure form from corn mesl and corn germ by Hasgen-Smit et al, (21)(22)
that we owe the vast expansion of the field of plant regulator studies
and, thelr practical application in Agriculiure.

ng the iselation Qﬁ};@ ~IAA as an active growth regulator a
number of gynthetic compounds were examined for similar chemical const-
itubion and physiclogical properiies.

Tn 1935 Zimmermen et al {23) discovered =(={Indole~3)=propicnic
acid and ¥ «( Indole=3)-bubyric acide In the same yeer Haagen~Smit and
Went (24) @iscoversd A~ indolylpyruvic acid and Zimmermen et al (23)os
and gfg'ﬁaymyza@eﬁe acids, phemylacetic acid and anthracene acetic acid,

In 1938, nspthoxyacebic acid was 2dded 4o the list by Irvine (25),
The most significant discovery of all was the phenoxyvacetic aecid series

by Zimmerman and Hitcheock in 1942 (26).

1% was very quickly noted that most synthetic auxing if applied in
sufficiently high concentrstions aect as selective herbicides, Sinee
the discovery of this fact many thousands of compounds in the same chemical
family have been synthesiced and 4ested for herbicidal activity,

Hethods of biologicel screening in the laboratory have generally
been econfined %o measurement of the direct achion of the herbicide,
usually involving the measurement of growth inhibition of seedling orgsns
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in sensitive gpecies, Many thousends of compounds were tesbed on this
basis in England {Slade et al (27) 1945) and Americe (Thompson ot =l (28)
1946)s  From this and mach subsequent work i% has been shown that the
substituted phenoxyacebic acids ave the most effective compounis.

Meny secondsry properties of the melecules such as persistence in
soil, ecase of zhbeanyption by and translocetion through plants ete. may be
migsed in simple leboratery screening tests for example the following

types.  Primavy root growth in Zea meis (Swanson 1946 (29)) and Cress

(Lepidivm setivum) Andus (30). Seedling growith of Kidney bean (Enaseolus
vilgaris) Thompson et ol 1946 (28). Rate of killing of samples of ducke
veed (Ierna minor) by Blackman 4953 (31). The finel ewaluation of test
materials must therefore come from exbensive field experiments using a
range of gpecies under a nunmber of tresiment conditiens, aw,z}g%éata
from plenned and replicaied experdments subjected to statlisticsl analysis,
as for example the methods advocabed by Audus (32), Blackman (33) and
Sempferd (3} |

Tor compounds which ore fresly translocated, methods of growih
 analysis sre to be preferred (33).

Following the discovery of the importance of the substituted phenoxy-
acetic acids as herbicides many attenpts have been made to elucidate the
mechanizm of phytotoxic as well as vhysiolegical resoonses to these acids,
The firsh major work was that of Zimmermsn and Hitcheodk (26) who dem
onstroted with a mumber of test plants that in addition 40 a dirced
herbleidel action at high concentrations, low concentrations of partice
ulaxly the chlorephencxyacstic compounds could indtice cell elongation
and epinastic effects, cell proliferation, adventitious roots on cubbings,
inhibition of buds, parbthenocarpy, and persistence of floral parts, They
alzo found that esters, salbs and amides of the acids arve also achive,

In 1941, Thimann (35) concluded that the action of awdin on growbh



and protoplasmic streaming was via the four-carbon acld respiratory
sysbems His so called “master-reaction” was thought to be a single
process controlled by auxin and able to generate all the changes such
as cell elongation, proliferation, water uptake etc, Explanation of
the diversity of effects was sought in e serdes of secondayy phenomena
ariging as a result of the "mester reaction", or the mudifying effect
of vardous cell conditions on the master reaction itself,

The majority of more recent work on the mechanism of action of the
substitubed phenexyacetic agids bas been founded on a study of the
relation of struchure to physiological activity exemplified by individual
studies of particular facets of suxin action such as respiratory response,
cell elongation and water uptake. A aqg%aer of cantmwrsiil%fiz{?&ries
have been presented, none of which/ are wye‘i; eonclusive az;s. ’ag'e .mainly
based on interpretation of other workers experiments, As long as the
mode of action of endogenous plant regulators is imperfectly understood,
any theories of exogenous response cannot be more than speculation. The
theories can be divided into two sections.

(a) Those where the plant regulator participates as a coenzyme in
some enzymatic metabolic reaction or so called "master reaction® which
is common to various kinds of plant eslls but leads to @ifferent end
results according to the enviremental conditions and the physiological
and morphological structure of the cells concerned, This theory
includes the work of Wort (36), Commoner et al (35), West et al (37),
Crafts (38), Galston et al (39)(46), Goldacre (41), Hofmen et sl (42),
Rhodes and Ashworth (43) and Lesper and Bishop (hL)e

(b) The primary action of the growth regulator is to affect some
more physice - chemical property of the cell such as degree of association
or dissociation of protoplasmic proteins., For example exposure or
mesking of active sites of enzymes can increase or decrease their activity.
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Changes in structural viscosity of protoplasm could be expected to
influence such processes as cell expansion, permeability and proto-
plasmic sireaming, Veldstra (45) was the first to advocate this bype
of action followed by Muir and Hensch (46), Smith and Wain (47), and
Norman and Weintraub (48).

The order of activity in promoting growth of Avena coleoptiles in
the chlorine substitubed phenoxyacetic acids (46) isi=

Phenoxyacetic acid 0.05
Ortho-chlorophenoxyacetic acid 0,06
}{e@a w " ] L] n 2‘@

Parg = " u 7 1 5,0
2;l=Di=chlorophenoxyacetic acid 25,0

2,6 " n " " " Inactive
35 " " " oo Inactive
24,5 = Tr=chilorophenoxyacetic acid 25,0 . ®
20p6m M Mmoo " Tnactive,

- Any comprehensive theory explaining the mode of action must include an
explanation of why some chlorine substituted phenoxyacetic acids are
active and others not, as well as why other plant regulators, not very
similar in chemical structure are also active, presumably at the same
gites. Muir snd Hansch (46) have enumerated nine importent requirements
in addition %o an unsaturated ring struchure and carboxyl group: (which
all plant regulators possess) that must be present in an explanation of
a theory of action of plant regulators.

1e The effect of optical isomerism in side chains.

2, Effect of geometrical isomerism of the side c¢hain.

3« Ortho effect in phenoxyecetic acids,

L. Ortho effect in benzoic acids.

5. Inhibiting effect of lactones and maleic hydrazide.

6. Inhibiting effect of cysteine,

7» Inhibiting effects of reagents specific for sulfhydryl groups.

8, Inactivity of phenoxyacetic acids without two open para - positions,
9¢ Effect of electron releaging and electron attracting ring subsbituents.
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To date there has been no theory sufficiently versatile to

The position at present therefore is that the exact mechanism by
which plant regulators exert their influence is not clear, although
the evidence supporting a nucleophilic reaction of masking and unmasking
of sites of enzyme activity would seem to oubweigh that of other theories,

In the last seven or eight deaz*s interest has been focussed on the
relation between growth and respiratory activity and the effect that
plant regulators have on both these processese Smith (49)(50) and
Avery (541) have reviewed the field uwp to 1951, In stem and coleoptile
tissue work it is evident that plant regulators such as 2,4-D shimdate
both growth and respiration in low concentrations, and inhibit izz high
at concentrations specific for the diffevent bissues. Comroner.and
Thimann (35) and Kelly and Avery (52) have demonstrated inhibition of
coleoptile or stem elongation and oxygen zxg’éak@}n the range 10~100 ppm.

with 2,4=D and IAA, French and Beevers (53) working with corn colegptiles

nensivated a relation between growbth and respivation with four plant
regulators including 2,4=-D, In stem tissue it would seem therefore,
that there is some definite relation hetween respirvation and growkth as
affected by 2,4=~D for sxample,
With roots no such relation has been conclusively shown. Nance
(54) hes
5 pspsme OFf 2,k=D, but no accompanying growth measurements were taken,

shown up to 20% stimulation of oxygen upteke in wheat roots with

although nitrate uptake was inhibited by 60% at this concentrations
Smith et al (55) working with rhizomes and roots of Bindwsed showsd an
average of 70% increase in oxygen upteke as o vesult of spraying indact
plents with 2,4=D at 1000 mgs/litre, No growth measurements were taken
however and the conclusion was that the increase in respirsation was due

to an increased achiviity of phloem causing increased food translocation



from the rhizomes and roots to the above ground parts of the planbs.
Mitchell et al (56) observed an inhibition of oxygen upbeke in
root and stem slices by 0,002 Ma 2,4=D (350 pepem:), the percentage
inhibition being greater in rools than stems. Auﬁm’ (57) demonstrated
growth inhibitiens in roots of Pisum sabivum and Lepidium sativum ab

concentrations of 2,4=D between 0.1 t0 10 pepems  No respiratory
measmmnﬁs W@fé tal-:en %mwe%r; o

Evidence for a relation between growth and respiration in roots
from the above quoted work is most fragmentary and in all cases a

measurement of either oxygen uptake or growt

h alone has beez; takene

In 1953 Audus and Garrard (58) working with roots of Pisum sativum

concluded that ,{g-—m in both gmw{%h»s‘&im}a'ismy and growtheinhibitory
eoacen%ra‘i:ﬁ.ons has no direct effect on the respiratory enzyme system of
growing root cells, Small respiratory responses were best explained
as resulting from differential changes in section size and correlated
changes in the enzyme complements of the growing cell,

They suggest that much of the stimulation of section respiration
abtributed 4o a direct effect of auxin: on the re@iraﬁgary gystems of
various ma%erials (eege Avena coleoptile = pea stems ebc,) may be due
to indirect effects arising from respiratory--cnzyme synthesis in the
normal course of augmented growth. Further they have levelled wvalid
criticism at mwh of the previous work published giving little indication
of statistical significance of the small stimilations of respiration
cbserved, Their experience with stem and root secctions of pea indicate
that coefficients of variation of initial respiration (100 x Standerd
Deviation / X) of exactly comparable examples is 10% i.c. the order
of least significance (5% level) to be expected between treated end
control means of a tenfold replicated experiment, Most work has had
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splications indleating the necessity for checking of data
milation and inhibition,
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CHAPTER II1
THE METHOD OF PROCEDUEE

Paxrt e

In all experiments, respiration was measured by determining the
oxygen uptake in micro litres per milligram dry weight of the material
used, in a Warburg constant volume respirometer using the "Direct
Warburg Method”, The essential principle involved is, that if at
constant temperature one holds the volume of a gas constant any changes
in the amount of gas can be measured by changes in pressure. The
apparatus (59) consists of a detachable flask containing a small well,
attached to a manometer containing é liquid of known density. The
flask is immersed in a water bath at a constant temperature and between
readings the system is shaken to facilitate repid gas exchange between
the fluid and gaseous phase. (See figure one).

The manometer has one side open to the atmosphers, A given point
on the closed side of the manometer is chosen and before recording any
pressure changes the liquid in the closed arm of thé manometer is adjusted
to this point. | Carbon dioxide is removed fronm the gaseous phase of the
closed flask by a solution of potassium hydroxide contained in the centre
welle Any pressure changes are therefore due to changes in the pressure
of oxygen when allowance has been made for atmospheric fluctuations
measured by a thermobarometer control flask.

The following standard ‘echniques were adopted,

A, WVashing of glasswares—

Extreme care was necessary with washing, because of the use of plant

=20=



regulators in the majority of experiments. After use, Warburg flasks
and stoppers were first washed in tap water, placed in white spirit to
remove grease, washed again with tap water and then immersed in a con=-
centrated solution of chromic acid for at least eight hours., After a
very thorough washing in tap water the flasks were rinsed with glass
distilled water and dried in an oven., The importance of thorough
removal of chromic acid has been emphasised by Science (Anon. (60)).

Bs Temperature of water bath:-

Temperature was maintained in all the experiments at 30 - 0,05°C
by a Sunvic electronic relay and the vigorous action of an eleciric
Stimr Iy

Ce Absorption of Carbon Dioxide:-

In all experiments the centre well of the flasks contained 2 piece
of filter paper one inch by three quarters of an inch, folded accordion-
wise with the projecting end cut in two or three places so that when
0.3 mls of 20f% potassium hydroxide were added, the pieces sprang open
exposing a large area of potassium hydroxide to the gaseous phase, The
paper also prevented "creeping" of potassium hydroxide during tipping.

D. Rate of shaking:-
Shaking was maintained in all experiments at apbmximately 110=112

strokes per minute on the basis of a standard procedure adopted by
Umbreit Burris and Stanffer in "Manometric Techniques" (59).
E. Eguilibratiofiz-

After assembling the apparatus and immersing in the water bath,
stopcocks were left open for a period of thirty minutes to allow all the
glagsware to come to a steady temperature. Treatments were not applied
imtil one hundred and fifty minutes after closing the stopcocks; in
order that the total 'e,:gygen uptake would be fairly large compared with
errors in reading, In all experiments a sufficiently large quantity



of tissue was used bo meke errors of measurement negligible compared
with total uptake between readings.
F. Flesk constants:-

In all experiments control flasks contained a toial of 2.5 mls of
liouid consisting of the following portions.

16 0.3 mls of 20% potassium hydroxide together with a filter paper
roll contained in the centre well,

2. 2.2 mls of either stenderdiged buffer or glass dlstilled water
according to the particular experiment being performed, cone-
tained in the main body of the flask,

Treatment flasks conbained in all esperimsnis -

e 0¢3 mis of 20h potassium hydroxide plus filier paper in the
centre wells

2, 147 mls of buffer or glass distilled waier in the mein body of
the flask,

3s 0s5 mls of plent regulator in the sidearm of the flask. The
total liquid as with control wvessels 2:5 mls.

G. Standardised buffer solubtion:-

In all experiments where phenoxyacetic acid treabments were spplied
a Phosphate=Citrate buffer (MeIlvaine (641)) was used to suspend the
tissue slices. In all cases pH of the buffer was 5.0 and the phosphate
molariby 0,05, 4Andus (62), Simon and Beevers (63)(6)) and Simon and
Blackman (65) have emphasised the necessity for testing weak acids and
bases at pH levels at which there is very little dissociation, The
toxicity of a week acid decreases in the presence of increasing concens
trations of the anion. It would be desirable to control pH levels at
Iwo or more units below the pEa of the weak acids being used. However
in the case of L4LCPA, 24D and 245T the pKa's are respectively 3.11, 2.81
and 2,57 (66) so that a buffered solution on the principles outlined

above would be imprachicable, pH values for expressed cell sap,
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measured with a glass electrode were as follows,

1o Pheridium aguilinum - 5,80 £ 0,05
2, Paesia scaberuls. - 5,85 = 0,05
3¢ Microsorium diversifolium = 5635 = 0.05

A buffer solubtion of pH 5.0 was therefore used on the basis that
it was close Yo the cell sap pH of the materdals used, bearing in mind
the necessity for a low pHe The pHl walues for expressed cell sap
possibly may not be a true indication of the intermal pH of the cell
due to Liberation of enzymes, mixbture of cell walls with cell contents
and general disintegration during the cell sap expression.

Fresh solutions of buffer were made periocdically to avoid any
bacterial contamination and checked with a glass electrodes
He lManometer fluid:=

"Brodies" solubtion was used of the following eoszg;ssitioﬁ.
2% grammes of NaCl, 5 grammes of Sodium choleate (Merck) in 500 cec.
Hy0. Coloured with Zvan blue (200 mg's/litre)e Density is 1,030,
Po wvalue = 10010,
I. Test solutions of plant repulators:=

The aqueous solutions of 4=0PA; 2,4=D and 2,4,5=T were all made up
on an equiemclar basis,
Yols Wee(By oxpt)(67) Gole.MW. Sdl'sat20 < 1%.(68)

1=CPA - 186651 681 or 67 mgs/%z .
2,0=D 224 220,96 546 op BK0 0@
29h.,5-T 256 255a41 19h or 489 * 7

The reason for using an equi-molar basis rather than an equal
percentage weight solution follows work of Fults and Peyne (69) who
emphasised thet equal concentrations on a parts per million basis of
an homologous series of chemicals may differ widely on a molar basise

If it is desired to eveluate the relative properties of the substituted



TABIE I, The Concentrationg of the Aquecus Solutions of Plant

Regulators used in Experiments
Stodk Stock x 1071  Stock x 102  Stock x 10~  Stock x 10+ o
- , — - 5
oo é 36812 x 107 5,812 x 10°F 3,812 x 10 3812 x 10°°  5.812 x 107 lolaity g
( 7'% 1 7'§ P 7& 11 Ce ?’1 4 Os 971 1 PePolls
=
2’}"1""}:} 852.5 81*-0 25 ) 80&25 Ce 82%2 6008-‘!{» PoPollle §
) E Sodium Salt Molarity
A 97345 97.35 9.735 0.9735 0.09735 DeDelme
9,148 x 0% 9148 x "5 9.1&;8 10 .48 " »so" 9.1&8 x 's | Molarity 5
6]
I=CPA 170661, 1706k, 1,706 0.1706 0.0170 DoDelle &
=
24D 202,20 20,22 2,022 0,202 0. 0202 PeDolls 1T

2,y 5-T 233,61, 23436 2,336 0.2336 0,02336 DeDelle




phenoxyecetic acid series molecules an equi-nolar basis is essential,

To that end then, test ‘solu‘tz:imm were made by direct weighing and
making up to volumes ALl other concentrations were made by dilution
in such a manner that each succeeding dilution was one tenth as concen=
trated as the preceding one., The following standard solutions were
adopted, "Stodk" solutions of k=CPA, 2,4=D and 2,4,5+~T acids were
0003812 molar,

i,ea  4=CPA - 0e 7110 grms/litre
2gh=D - OeBh25 0 " 842,5 "
25p5=0 = 0.9735 " " 9735 " "

With 4=CPA and 2,4«D warming the sbtock solubtion was auf‘fficmnﬁ to dissolve

714 mgms/litre

in

o

all the acide With 2,4,5-T the stock concentration was made up %o the
Sodium salt by addition of a small amount of sodium hydroxide and then
brought to pH 7 by neubralisation with HQSOLH The sodium salt of
2ply5=T was used only for the stock and one tenth stock coneentrations,
a further solution of the acid (0,09735 grms/litre = 0.00003812 molar)
was used for more dilute concentrations. (See Table one.)

The following table shows the relative concentrations and equivalent
parts per million of the solutions placed in the side arm of the flasks,
followed by the resultant concentrations after tipping and intermingling
with the contents of the main body of the flaask. |

Jeo Tissue sectionsie

Tissue slices of the fern rhizomes examined were cut to a uniform
thickness, Briggs and Robertson (70) demonstrated in disks of carrob
tissue that diffusion of carbon dioxide and oxygen are independent of
disk thickness between 0,05 and 0e2 cme Their work indicates that a
similar @f’fﬁwﬁz can be expected in other types of tissue, Pleridium
aquilinum and Microsorium diversifolium sections were therefore cut to a

thiciness of 0.5 mme on a hand microtome. Becsuse of the small rhizome md the



time factor involved in cubting sections, Pacsia scaberula was cub

into 0.3 om. sections, The mean oxygen uptake in microlitres per
mgm, dry weight of 0.5 mm. slices (3 replications) compared with
oxygen uptake of 0.3 om, disks (3 replicabions) taken from 2 similar
position on the primery meristem of the rhizome of Paesla scabemuila

showed no significant difference.

Students "' test belbween means

Mean (3 Rep's) 6, Uptake (270 mins) da.r..w TN e oalo,) M - 5% | Reslt

0.5 mm. Sects Qo3 cme, Sects,
22: 74 18494 L | 02586 | 2,776 wn.

It was assumed therefore that no significant discrepancy would occur
by the use of 0,3 oms, sections in this particular case.
K. Washing %time for sections:-

Immediately afber cubting, all bissue sections were washed in a
steady stream of tap water for thirty minubes before being placed in
the Warburg flasks, The purpose of this short period of washing was
to remove wound hormones, liberated enzymes, cell sap and other cell
debris produced during the tissue sectioning. Considereble controversy
hag existed over the necessity for washing tissue slices, Some workers
have not washed tissue at all (71)(72)(73)(74). Others have washed
from periods of quick rinses up to 650 hours, The general pattern of
respiratory response with increased washing time has been indicated by
Schade et al (75) and Stiles and Dent (76)e They show that increased
washing time leeds to an increase in respiration. Barrow et al (71)
have emphasised that long periods of washing probably damage the cell
membrane and cause the loss of water soluble co-enzymes. It would

appear therefore that long periods of washing are undesirable where a
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measure of the true endogenous respiration only is looked for.
L. Measurement of Oxygen uptake.

In all experiments conducted, respiration was measured by the
oxygen upbake in micro-litres per milligramme dry weight of the tissue
useds A constant was determined for each flask using the formula

203
K = flask constant = Vg T + Ve od
Po

after Umbreit (59) where

Vg = +volume of gas in the flask down to the zero point.
(Determined by "Schele's quick method" (77).

T = ‘emperature of bath in absolute degrees.

Ve = total volume of fluid in vessel,

ol = Solubility of gas involved in liquid in vessel,

Po = Density of mevoury/density of manometer fluid,

The difference in gas pressure measured by the changes in level
of the manometer fluid, multiplied by the constant K is equal to the
micre litres of gas glven out or shsorbed. Oxygen upbake was measured
in micro litres per milligrem dryweight  Q.0, (N) gives the truest
estimation, being a direct measure of the protein or living tissue that
actively regpirese Esbimetion on a fresh weight basis is unsatisfactory
because the residue of waber from washing is &if‘f‘iauiﬁ to remove, | Idnk
and Goddard (78) studying oxygen uptake in crown gall of tomato came
to the conclusion that tolal N, does not appear to be a mors mq‘mm
basis than fresh weight for calcoulating rates of oxygen uptake, Newconb
{79) end Shirk (80) in comparisons of fresh weight and dry weight bases
of oxygen uptake show that oxygen comsumption on a fresh weight basis
is considerably lower than on a dry weight basis. (as would be expected),

The time taken to do Kjeldahl micro-estimations of nitrogen was

deemed too great, in view of the already lengthy periods of the experiments
and the lack of laboratory assisbtance, All manometers were corrected for
fluectuations in atmospheric pressure with a thermobarometer,
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Paxt 2.
Helection of Materdal

In order to reduce biological veriability in the tissues used, the
following technique of selection was adopted for each experiment,
{(Twelve flaske were used in each experiment,)
1a Pheridivm squilinum ver. esculentin.

Twelve to fifteen mabure, undeformed end disease free rhdzome
tips were talken from the ground and washed in tap water to remove soil
debris. Ackbively growing rhizomes could be distingulshed by the
relatively long creamy coloured promeristems, free from hairs as opposed
to apices of rhizomes produced by breskage or decay of the main body of
the rhizome, or "frond buds" as described by Stevens (81). Approximately
two millinmetres of the 'i:i};? was removed snd discarded from each meristem,
and twenlty seotions ecach 05 mm. in thickress were removed with a hand
microtome.,  Approximately 250 seciions were then washed in running tap
water for thirty mimutes and from this populetion twelve disks per flask
were selected at random, Idmitations on further reduction in vardability

(i) By increasing the number of disks per flask the constant Ve
becomes altered due to the apparent increase in licuid
volume, Further, a state is reached where the buffer
volume in inadequate for the quantity of tissue present,

(41) The time factor set a Limit on gathering and sectioning
more then twelve to fifteen rhizones, when & further peried
of eleven to twelve hours was necessary for the main pard
of the experiment,

2o Paesia scaberula.

One hundred and fifty to one hundred and sixty rhizome tips were

selected from the Pield, washed to remove debris, and carefully wiped
%o vemove fine hairs from the basal region of the primary meristem,
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The first one to two mm, of the ¥ip were discarded and three sections,
cach of three mm, length removed with a hand microtome, An explanation
of why 0s3 mm., disks were used, is given in Chapter IV, Part 1, Section
(i) of the preliminary experiments, The diameter of most rhizomes was
approximately two mme Fifteen sections, wmc‘ﬁm at random fmm a
population of four hundred to four hundred and fifty disks were allocated
40 each flask., Disks were washed for 30 minutes in rumning tap water.

3e Microsorium diversifolium,

Fifteen rhizome tips were selected and gently scraped to remove
protective scales, The first two to three mm, of the promerisbem were
rejected, Twenty secltions each of 0.5 mm, were removed with a hand
mi«m#tnma from each rhizome, Twenty sections were allocated to each
flask from the bulk total of three hundreds It was found necessary %o
uge move tissue than with the other two fern species because of the
lower oxygen upbake. Disks were washed for 30 minubes under running
tap watbers

The removal of the extreme tip in each of the three species followed
the vesults of preliminary experiments showing the considerably higher
respiratory rate of the promeristem (4«2 mm,) compared with the remaine
ing 10=15 mm, of still actively dividing but older primary merdistem.
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CHAPTER IV
PART 1, PRELIMINARY EXPERIMENTS.

(i) Examination of Variability in the Test Material

Three experiments were carried out in the Warburg Respirvometer on
successive days using discs of Microsorium diversifolium suspended in

digtilled waber. The object was to observe the degree of variability
in 02 uptake within ecach experiment, also between days, using four
rhizomes each day from each of which thivty discs were taken, Ten
sections, each 0.5 mm, in thickness were used in each flask and thirteen
flasgks plus one thermobaromeber were used in each experiment. The
results are summarised in graphical form. (See Graphs 1,2,3 and Le)

The conclusion was that over a short perdiod of six hours the oxygen
uptake in each flask showed striking linearity although the variation
within each experiment was quite high and between days also high, The
coefficient of variation based on the mean and average deviation for
exsmple at 360 minutes was 16,70 (Bxp, I), 9046 (Exp. II) and 10,26
(Bxp. III).

A further experiment (IV) was carried out on Bracken fern to observe
the general order of mamnty in distilled water. (See Graph 5.)

At 360 minutes the coefficient of variability based on the mean and
average deviation was 16,06 (thirbeen replications), In this experiment
twelve 0.5 mm, sections per flask were selected from 200 discs obtained
by cutbing 20 dises from cach of ten rhizomes, Oxygen uplake is again
quite linears ’

Hard fern was examined for variability (Expt.V) taking 40-12, 0.5

mm, sectionsg per rhizome from twenty rhizomes, Fifteen sections were

29
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placed in each flask in distilled water. A%t 360 minutes the coefficient
of wria’bili'ty based on the mean and average deviation was 12,68 for
twelve replications, As with Bracken and Microsorium the oxygen upltake
is quite linear. (See Graph 6.)

It was apparent from these experiments that a method of randomised
selection from as large a population as was practically possible, bogether
with the xiemawy biometrical evaluation was essential if differences due
Yo application of plant regulators to tissue were to be separated from
those due simply to biological veriation,

Because of the smallness of the rhizome of Passia scaberuls end the

consequent lengthy period taken to cub 0,5 mme sections, a further pre-
liminary experiment was conducted to observe any differences in respiration
between different portions of the rhizome, also whether 0.3 cm. discs
differed significantly in respiration from 0.5 mm, discs teken from the
same region of the rhizowe mexdistem. There was no significant difference
between 0.3 oms dises and 0.5 mme discs fvom the same region., Discs
from the apical 3 mm., have a higher respiratory level than the remaining
6 mm, as might be expected, because of the more actively dividing cells
in the apical portion of a rhizome., (See experimental procedure).

In the remainder of the experiments conducted on Paecsia scaberula

O3 am, disks were used.

The apical 1 = 2 millimetres containing the most actively dividing
cells of the primary meristem together with the single "imitial" eell
of promeristem was discarded with each of the fern species used for the
remainder of the experiments in order that variability would be reduced.
(ii) Distilled Water as a Suspensory Medium for Tissue Slices.

Because all of the preliminapy experiments were conducted in a
distilled water medium, tests were initially carried out to determine

whether any rupture of cells occurred through uptake of water, with a
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consequent increase in ‘turgor pressure to the point where cell menbranes
ave ruptured, liberating the cell contents.

Tests were carried out on tissue of the rhizome meristem in Pleridium
aquilinmum, Paesia scaberuls and Microgorium diversifolium,

Tissye was sectioned to 0.5 mm, discs and then rapidly weigheds
Known amounts were placed for thirty minutes,

(8) In 4% Sucrose.
(b) In distilled waber,

At the end of this priod the seclbions weré drdied quickly on filbter
paper and again repidly weighed.
It was assumed that e 1% sucrose solution would heve a very similar

osmotic pressure to the cells, thus preventing any loss of cell contents.

The resulis are shown in table ferm,

Digtililed

TISGuS Whe Louod WeAlber
in adr, mw in

HoO
Diversifiliom 162342 Aubh9k bk Taen 1e2546  1.4322  1446Tnen
Paesia
Seabesula '%657‘} »9506 1460 " 4»733%‘3 waﬁgﬁ 4 6&18 "
Pheridium | |
Agud linum 1o 57&& 1.5802 08 W 100603 @ %2%- 94215

In every case, except Plerddium aquilinum suspended in water, there
wes an increase in weighte. The majority of this increase can be attribe
ubed ‘o the inefficiency of removing all the moisture from the surface
of the tissue slices with filber pspers Seme of the increase in weight
may be due %o an accumlation of water either by osmosis or an active
cellulay process, or small quantities of sucroses

Doubt as to whether the 9.12% loss of weight in water of Pteridium
agquilinivm was a true one, (In view of the very slight increase in weight
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of the sugar treated tissue) was cleaved by oven drying both the sugar
and water treated tissue and expressing the resulbant dyy metier as a
percentage of the original aiyr dried material,
(2) D.M. percentage of originsl air dried weight (Sugar treated) =8.15%
(p) n » " " " " " " (H2€7 treated) = 6,63%
These very similar percentages indicated that there had been no
real loss of weight, rather that the drying process with filber paper
was liable to errvor,
The conclusion was made therefore that with the three species
examined there was no danger of loss of cell contents if tissue was
suspended in distilled water for relatively short periods of time,

(441) The Bffect of Light on Respiration.

As both Paesia scaberula and Microgorium diversifolium conbain

considerable amounts of chlorophyll, two experiments were conducted
with Microsorium to debermine the megnitude of the differences in res-
piratory level when experiments are yun in light and darkmess, (Graphs
7 and 8), In pmms:zm:y experiment VI (Graph 7) twelve flasks each
containing 10, 0.5 mm, sections of Microsorium suspended in distilled
water were allowed to take up oxygen in darkness for 360 m:i:zmmm A%
the end of this period the c¢loth cover was removed and the respiromeber
exposed to ordinary laboratory sunlight together with the light from
two 75 watt tungsten filament lamps for a further three hours,

The experiment was repeated on the following day (Exp.VII) when
sunlight was more intense, ruming for six hours in darkness, f’im hours
in light and two more hours in darkness. (Graph 8.)

It was concluded from these two experiments that light heg a slight

but insignificant effect on respiretion, hence to ensure wniformity of
conditions the remainder of the experiments were conducted in darkness
obtained by covering the respirometer with a black cloth draped down
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over all sides. Flasks when being tipped are exposed for periods of up
to twenty seconds (meximum) to the light of the laboratory. It was cone
sidered that such periods were insignificant especially in view of the
faet that at tipping periods the laeboratory was slways darkened by
lowering window blinds and reducing artificial light.

(iv) Volatility Effects.

In severel preliminary experiments it was noted that flasks containing
plant regulators of re¢latively high concentration in the sidearm, appeared
to show some degree of stimulation of oxygen upteke before tipping. It was
considered possible that some vapowr or droplets were @&wpm into the
main body of the flaske In order to test this theory two experiments
were conducteds
I, Measuring oxygen uptake for a longer period before tipping in order
to detect any differences between control and treatment vessels.

II, Flasks conteining glass distilled water alone, and plant regulator in
the side arm were placed in the water bath ( 30%) and oscillated for 150
minutes. The contents of the main body of the flask were then tested
with chromatropic acid (89.90) a reagent which gives a red to purple
colour with substeances which can by hydrolysis, oxidation, or reduction
be reduced to form formaldehyde (@.g&;* 2,L=D acid), As little as 0,05
gamma of 2,4=D per nl, can be detected,

Both experiments were very W@full& conducted and all equipment
meticulously washed, Experiments I and II gave negative results from
which it was concluded that the stendard of washing flasks, hands,
pipettes ete, had not been sufficiently high, and in subsequent experiments
with the standaxd procedure outlined in Chepter III this conclusion was
verified, as no further difficulity was encountereds



PART 2, DESIGN OF EXFERIMENTS.

(i) Aveilable Test Materials and Methods,

Blackman (33) in discussing the assessment of relative toxicity
of plant regulators has erphasised the necessity of measuring responses
to & mumber of doseges if acourate comparisons of relative toxicily are
to be obtained. Using a wide range of concentrations and the technique
of probit enalysis he has shown that responses ave greatly dependent on
the gpecies examined, In fael, order of toxiecity may be reversed from
one species to another.

Simon (65) in a paper discussing phytocidal effects of plant rege
wlators says -

"Determinations of reletive toxicity sxe liable to serious ervor,

(a) If restricted to 2 single species of test plant,

(b) Carrded out at any single stage of development,

(¢) Only a single concentration of each compound is employed."

Similar principles hold in the assessment of relative effectivity
of plant regulators whether in respiration, growth or developmental studies,
or auxin responses in plants as emphasised by the following workers,
Thompson et al (28), Zimmerman and Hitchcock (82)(Growsh), Zimmermen and
Hitcheock (26)(Development), Leaper and Bishop (L4)(Growth), Smith (50)
(Respiration), and Kelly and Avery (52) (Respiration).

In order to assess the action of the three plant regulators 4=CPA,
24k=D and 2,4.,5+T on Pleridium aquilinim it was considered necessary to

observe their simultaneous effects on several other fern species. I
was hoped that any general pattern of response by the Pteridophyta would

$hus be disclosed, The two ferns Paesia scaberula and Microsorium
diversifolium wore selected for inclusion in the tests for the above
reapons and in addition because of their well developed rhizome systems,
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the focal point of the respiratory study.

Tive concentrations of growbh regulator were used, ranging from
the highest soluble concentrations for an agueous solution (9.148 xmwﬁm)
in successive dilubions by 10~ down %o 9,148 x 10°M,  The range
therefore included concentrations known o have phytotoxic asg well as
physiological effects on some monocobyledons and dicotyledons (Smith(50)).

(ii) stabistical Method.

A Comparison of Analytical Methods of Assessing Treatment Differences.

In all of the fifteen major experiments three treatments were repw
licated three ¥imes, and in addition, to provide a basis for comparisons,
three control vessels were used, All vessels were corrected with a
thermobarometer flaske

One of the mejor difficulties encountered in the use of the Warburg
respivometer is the limitation on the number of flasks (usually twelve
or fourteen) that can be used in any one experiment. Physiological
differences in tissue responses on successive days ae very often encount-
ered, making it difficult to compare results between experiments, It
is desirable therefore to have as many treatments as possible within any
one exgpmﬁmm or alternatively to have a method of statistical evaluation
that will provide a comparison between experiments,

Mdus (32) in a rather critical paper has pointed out the dangers
of bad experiments and bad planning. To use his own woxds,

"Proper design means ability Yo measure between and within experie

ments, I the data is biologicel it must have a stabtistical
method of verification using principles as laid down by Fisher (1947)

Four methods of analysing oxygen upteke were therefore studied in

relation to their efficiency of measuring detectable differences between



treatments and between experiments.
As Direct measurement of oxygen uptake expressed either on an hourly

basis or the cumlative %obtal over a relatively short periocd such as
six hours., Such measurements are usually expressed as micro-litres
per milligramme dry weight, fresh weight or nitrogenous material,
Comparison of treatment effects is made on the basis of a common come
parison with the average value of the three control flasks. Changes
are therefore expressed as a percentage of the control uptake. 4n
analysis of variame can be carrdied out on the data to measure the
significance of mean differences at the end of a period of six hours
of treatment, Simultaneously standard arzéars of the means ocsn be
determined,

Such a method has the disadvantage that any ervors in contrel
values are reflected throughout the treatments.

B, French and Beevers (53) developed a method to help eliminate the

problem of obtaining a wide range of concentrations, or using a nunmber
of different chemicals, within any one experiment, given a limited
muber of vessels Yo work withe The basis of the method is that the
effect of each treatment is expressed as a percenbtage of its own control
rete.  Vardation in initial rates before tipping is allowed for by
caleulating a control value for each flask during treatment assuming
that the percentage differences between "to be treated” and control
flasks observed before tipping would have persisted throughout the
subseguent period had no addition been made., An example of their
method follows =
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Method of adjusting respiration rates for variation between samples.
(Data from an experiment with IAA.)

T T 111 w v VI

Initial Qp Total Resp. Op upteke Correction Calculated % of Contrdls
Treabment opake 44 52 hours 4y hours factor controls
hours

after tip ‘
(IT = 1) (z1r/1)  (IV x 1) (TIN x100)

H0 L3 212 169 3095 169 100

2
0”6 1, 39 216 177 an 153 116
10", 45 250 205 u 177 116
5x107°M 2, 203 u 164 126
107y, ¥ 278 232 szf 181 128

(R.C. Prench and Harry Beevers = Am;. JiBot, 40 (1953) 661.)

One advantage of such a metheod is that if oxygen uptake ig not
linear the control flasks will still reflect this situation and percent-
age changes will still be valid,

In the cases of Pteridium acquilinum and Pagsia scaberula tissues

suspended in buffer (0,05 M. Phosphate-Citrate at pH 5.0), oxygen uptake
from control flasks shows a high degree of linearity. Microsorium
diversifolium however shows a definite increase in héurly uptake over
a period of at least six hours. TFrench and Beevers method could there-
fore be applied to such data,

o attempt was made by French and Beevers to apply any form of
analysis of variance to the method and in most of their experiments
only one replication of each treatment was useds To do an analysis of
variance using Beevers method the assumption is made that the ratie of
rates of uptake before and after treatment is constant for all flasks
and this is estimated before analysis from the control flasks only.



The disadvantage is that the method uses the variance of only the
$hree controls so that any serious error in them will upset the signife
icance of the treatment effects,

The method of French and Beevers was tesbted on data obtained from
a preliminary experiment on Pteridium, using L=CPA, 24=D and 2,l,5«7
- acids at sbock concenbrations and the standerd procedure outlined in
Chapber III, Consbtants for the three control flasks were caleulated
uging 150 minubes as the tipping time, and examined for varlability.
It was found that the consbants were very similare The aversge of the
total deviations fyom the aversge constants, determined at thirty
minute periods (three replications), expressed as a percentage of the
constant was as low as 1,165%.  The tabulated figures are presented
in Table II,



TABLE IT,

Tims Flagk One Flagk Two Flagk Three Deviation
in Oxygen Constant Deviation Oxygen Consbant Deviabion Oxygen Constent Deviation as a %
Wimmtes Upbake from Uptake from Upbale from of Average
Average Average Average, Constant,
450 '%7»‘35 1000 + 000 ?8.28 1000 <000 €9‘72 1000 000 <000
180 2046 0192 2007 22,19 e213 014 2%¢56 19 +005 10306
210 22,77 0327 «O17 21,86 +359 «015 26460 o348 « 00k 16040
240 26473 557 o021 2945 o611 +030 31010 577 Nes s «998
270 29,50 o791 018 32481 2 794 « 021 Bhe22 e 735 2038 2996
300 32:93 <919 «036 36485 1015 +060 38,13 2933 022 10235
330 36663 1e134 036 50,82 1233 <063 52,26 Teil3 2027 1077
360 39,60  1.308 2032 hhodd 10813 2073 L5.45 10304 2039 107
390 13023 1519 2001 47T 10641 091 47:92 1e230 +090 1197
420 L5034 1642 «005 5048 1767 o114 50,09 1540 107 1e372
150 548,18 1807 0002 53s53 10928 119 53614 10 69L e115 16310
480 51:10 1,977 +003 56685 2,109 +129 56433 10856 o12h. 15292
510 53659 2122 <005 59+52 2,256 2129 55¢23 2,003 o112k 1.212
540 56476 2307 #003 62,88 26439 +125 62649 2,168 +136 16145
570 59,00 2,438 017 6ls59 20533 <112 64,88 2,230 o131 1:073

600 61,51 2,58 s030 6713 2672 o118 67,20 2407 47 14155
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Cos A third method of analysis studied was an analysis of covariance

(33) (Snedicor Chapter 12) of uptakes at the end of a given period of
treatment (510 minutes), using uptakes before treatment (150 mi;}mtes)
as concomitant data, In effect the method compayes the slope of the
line formed by plotting oxygen uptake against time before, and after
treatment, The advantage of this method over French and Beever's is
that allowance is made for the variance of all the treatments + controls
rather than just controls, Further no assumption is made about the
relationship between rates of upteke before treatment and afber treatw
ment, except that there is some linear relation which is determined
during the course of the analysis.

Do A further method using en analysis of covariance was studied. In

both methods (2) and (3), intermediate data recorded at sixty minute
intervals between initial closing of stopcocks, tipping time and final
readings are not used to give their full contrdbution to the ervor terms
of the analysis. By assuming that oxygen uptake is linear in form
(over a relatively short period) the intermediate data can be computed

as rates of uptake (measured by linear regression coefficients), and

provided readings are recorded at equal intervals of time these regression
coefficients are easily worked out. Thus all errors of measurement are
incorporated in the analysis of covariance., By this method the final
treatment means can be adjusbed o values which allow for all errors
incorporated in the experiment through variation,

The assumption that oxygen upteke is linear was tested in Pheridium
aquilinum and Microsorium diversifolium for a period of ten hours, two

hours longer than the majority of experiments were run fore
The method of testing the departure from lineardity in the time
responsge curves is outlined symbolically below,



Test of Curvabture in Time Response Curves

Iet y's be the responses (oxygen uptake) corresponding to x;g’ 8 , the
coded times (O = 20 in example)s Also let xp' s denote squares of xﬂ“} 8

(i,e0 for X, = by %y = 46, and s0 one)

Compute

i

%;,mw.;m) 2/n = g (say)

0~ Oy
B3 S R
%
R
&

SPm;ymfé’ww = (2x)Ey)/m = s (say)
= Shwqy

S84 -
Iinear regression eqne (y=y) = blx = x)
Part of S8y accounted for by linear regression

2
= %@- = &  (say)

Variance from regression line

- et e (W)
(i3) SE of b \/‘T.
- T

wale  wds
[ & |
Pt Nl

~
il
2v]

T

(14) Test of significence of b
Source of Veriation S Se dotn M, S, F
Iinear regression A 9 A A/E
Residual SSy « A im-zg E
Tokal S8y 1w

(15) £x2 (= £ x9)

(46) < xo? 5 ﬁ

(17) ssxp = £x2 = (£x) “/a = p (say)

(é?;) SPxix, = £ mxp - (£xm) (£x) /n = (say)
-

(21) sPry = Zxy (2=z,)(2¥) /n = t (say)

(22) ®ind by and by fmm equations
g '}&g I %92 s #
= f
(23) Quadtratic regrgseion equation “
(7=3y) = bz = %) +‘ba(x22mm:z)
‘xqmnnwmmﬁMa&xmxa ag X
(24) Part of SSy accounted for by quadratic regression
= bygs + bp ¥ = B (say

(25) SEof by =
/‘@ («——ﬁm T )
Je (5=

(26) SE of ba
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(27)  Test of departure from linearity in regression.

Source of variation S8 ot Mo Se B
Linear regression A 9 A
Quadratic regression B 2
Increment due to bs B 1 Besf Dl

- G
Residual (ssy-B)=F (n3) _F__ o

nw) ‘

Tobal 8y 1]

The test of d@parbum from linearity in the regressions for
Pieridium aquilinum (Exp, VIII) showed a high degree of significance
at the 99% level of probability indicating that oxygen uptake was

quite definitely linesr. The conclusions from the test ave presented

in mm:m Forme

Pheridium aquilinum, (Curvature in time vesponse curve).

{1) Linear regressions

Source of variabion B B sl M Be

B
Linear regression 610904809 ‘ 1 6409,4,809 7068 #ui
Residual 16,3228 18 « 9068
Tobal 61}25» 8037 1 9
(31) Quadratic regression,
Source of variatim Se Be deils s Be ®
Linear regression 6409.4809 1 6409,4809
Quedratic " 6423,5035 2
Inc. due to Quad, ; o
regression 14,0226 4 14,0226
Residual 2, 3002 17 e1353
Total 61,25,8037 19

#%  Significant p is less than O



In the case of l&ﬂcroéaﬁ:m éiiwrﬁifolima the a@xp:m:m from
linearity test was non significant at the 99‘ level of probability
indicating i,m:, oxypen uptake plotted against time was nol linear
but curved., (Experiment IX) |

Microsorium ﬂimraimlium.

(i) ZLinear ‘regression

Source of Variation Se S dofe o S »

Linear vegression .  3699.8340 4 3699.83L0 11.75 ¥
Residual 53522735 17 51468396

Total 905201075 18

(i1) Quadratic regression

Source of Verdation’ Se5. dofa Me Se F
Linear wgmasim’ 369948340, 9 3699, 8340 g
Quadratic " 3783.8312 2

Inc, due to by 8309972 1 L 83,9972 =
Residual , 526842763 16 3294267

Total | 9052,1075 18

R Significant

~

Bach of these tests was carrvied out on e single flask chosen at
random, By inspection of other graphed uptakes it was epparent that

Microsoriwn diversifolium showed an even greater curvilinearity "t:hsm
that of the result actually tested. Paesia scebemle showed a high

degree of linearity on inspection of graphed ;umms“ :

It was apparent therefore that an analysis of covariance using
regression coefficients (Method L) o aajusﬁ the final treatment means
could only be used on Pheridiwn aquilinum and Pagsia mhe%.g |

A comparison of the relative efficiencies of methods (1) (2) and



(3) was obtained from a preliminary Expedriment No, X by expressing

the residual mean squares of (2) and (3) as a percenbtage of the residual
mean square of (1) (The uncorrected analysis).

Method (2) was found to be 208% more efficient then (1)

Hethod (3) was found to be 422% more efficient than (1)

In the particular experiment examined, none of the treatments
showed significance under the three methods of analysises Method (2)
appeared to be the closest to reaching significances Using rates
of uptake (Method (L)) a significant "F" was obtained at the 5% levele

The summarised results are presented belowe
Analyses of Oxygen Uptake Curves Experiment X,

Pteridium aquilinum treated with L=~CPA, 2,4=D and 2,4,5,~0s Three
replications of each treatment end three controls,

1o Ordinary analysis of Uptakes at 510 minutes.

Source of Variation e Lo Mean Square P
Treatments 3 007158 011 =
Residual 8 6.2762

- Non Significant

Means and Standard Fryors aret=

Control 5345 = 1e5

4~CPA 529 = "

24k=D 53,7 < "

2,y 5T BheG & om

2. Analysis using French and Beevers correction.

Source of Variation  defs Mean Squave F
Treatments 2 13.2492 4538 =
Residual 6 5.0225

« Non Significant



Heans and Standard Errosapess

Contirol 5365 = 140
L~CPA 52,4 " "
24D 561 0 1
2 ’h",’w 55 -3 1 " "

Je Analysis of Covardance of Upbakes at 510 minutes,

Using uptakes at 150 minutes (before application of treatment)
as concomitant data.

Source of Variabion  defe Adjusted Mean F

Squares
Treatments 3 3ab6846 245 -
Residual 7 14855

« Non Significant
Heans and Standard BErrors apeis

8+

Control 530l 0670
LCPA 526350 " "
2D 55017 " "
2ydys 50 52023 * "

Lo Analysis of covariance on m%ss of uptake,

(Using linear repression coefficients of intermediate data to
adjust final means,)

Source of Vardiation defe Adjusted Mean B
. Scuares
Treatments 3 010689  he3T *
\ (5% level)
Residual 7 «02448
¥ gigniticant
The adjusted final means and their standard ervors arete
Gontrol 6,98 i «09
LA 6o 78 " "
2 gD T Y " "

2gh.95-1 6092 " "



The relative efficiencies of each of the methods can best be
illustrated by listing for each method the Standaxrd error of the mean
expressed as a percentage of the control mean.

1e 2,80 per cent

2. ’1087 " i
3¢ 1e31 " 7
ho te29 "

Methods 3 and 4 have a definite advantage over 1 and 2, method
4 being preferrved to methed 3.

To wverify that the results of the test of relative efficiencies
was nobt due purely to chance, a further set of similar analyses was
computed for data kmown to be non=linear (mmmmum diversifolivm =
Bxpe. XI)e As was to be expected, the first three mebhods showed 2
similar increase in efficiency going from methods one to three as in
the analysis previously described when standard ervors of the mean

were expressed as percentages of the control meane
ie€e Mo 10a37%H , 20 3eh8% , 3. 217 %

Analyses of oxygen Uptake Curves. (Bxpe XI.)

Microsorium diversifolium treated with 4=CPA, 244D and 2,k,5-T,
Three replications of each treatment and three conbrols.
1e Ordinary analysis of v&mmme of final uptakes,

Source of Variance dofs Mean Square P

Treatments 3 60,7845 1615 =
Residual 8 5249481,

= Hon significant
Heans and Standard Exrors areiw

Control 54065 b 4e?2
4 =CPA 476 " "
2, &_,3) &2. 6 " "

e 2.5 5=T 3668 " "



2s Analysis using French and Beevers correction.

Source of Vardiation do ¥ Hean Square ¥

Treatmenbs 2 - 116.8096 19,62 &

Residual 6 59535

- ®%F Sionificant
/ Means and Standard Ervorsse :

Control 10.48 z Ty
L=CPA 35483 " "
2,25.'"33 Ip‘?.@‘f i 1

2ylyy 5= 3140 " "

3¢ Analysis of Covariance of uptekes at 510 minutes.

Taing uptakes at 150 minutes (before application of treatment)
as concomitent data,

Source of Voerdation  defe Adjusbed mean ¥

squares
Treatments 3 C 48,8946 1766 we
Residual 7 20,7684
¥ Significant
Means and Standard Exyrorgse
Control Lo 22 z 0s96
besCPA . 11,68 u i
24D 4552 " w
N 36611 " "

Method 4 using linear regression coefficients to adjust final
means could not be used because of the non-linearity of oxygen uplake
of Microsorium tissue suspended in buffer solubion.

AfYer consideration of the above analyses *z:m Pollowing methods
were adopted, In experdiments 1 « 5 and 10 = 15 of the major series
of experiments with Plerddium acquilimm and Paesia sceberula, the
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significance of the differences bebween treatment and conbrol means
was assessed by an analysis of covariance, using linesr regression
coefficients (based on rates of oxygen upteke) to correct the final

treatment means, (Method four,)

Major experiments 5 = 10 with Microsorium diversifolium were

analysed by an analysis of covarience. (Method three.)



CHAPIER V.
THE EFFECT OF THE PLANT REGULATORS

ON RESPIRATION IN THE THREE
PIERIDOPHYIE SPECIES

Part 1.
Pherdidivm donilimun,

(1) In the sixbeen major experiments to be described the following
pattern was adopted, Tissue sections were allocated to each Warburg
flask as described in the section on experimental procedure and test
solitions placed in the sidearms. The apparatus was assgenbled and
allowed to equilibrate for thirty minutes and then the stopcocks were
closeds The first reading of oxygen uptake was laken at the end of
thirty minubes, thereafter at sixty minube intervals to the end of the
experiment, Test solublons were tipped inbo the main body of the flask
at the end of 150 minutes after first noting the oxygen upteake. Readings
were continued at hourly intervals for another six hours (510 minutes
total), at which time the stopcocks were openeds

Tissue was removed and washed thoroughly in tap weter to remove
any traces of potassium hydroxide, and then dried in an oven at 105%
overnight, Oxygen upitakes in micro-litres per milligram dry weight
were determined and corrected by the vessel constants.

In experiments one to eleven inclusive an analysis of covariance

was carried out on each experiment using initial rates of uptake based

on the linear regression coefficients determined for each flask before
tipping, and final rates of uptake based on the linear regression co-

efficients after tipping, as the concomitant data.

These linear regression coefficients (Snedécer (83)) were determined
for each flask in the following mannere



o YJ‘, ?{2, ‘;513'3 vehsdu ?{9 are the oxygen upbakes at equal intervals
of time (60 minutes) then by (linear regression coefficient for the
uptakes before tipping) is equal %o

Yﬁ -1, (whmyg is the final uptake immediately
2 before btipping).

e (Linear regression coefficient for the wptakes afber tipping) is
equal to -
&ezz)&e:&rﬁ+¥7+zxg+3y9
28

1’3 is the final oxygen uptake before tipping and ¥ is the final treats

9
ment oxygen uptake,

b, therefore represents the average rate of uptake before treatmente
by, likewise represents the average rate of uptale afber treatment.

The analysis of covariance {83, Chapter 12) was then carried out
in the normal manmer using bi'm and bf,’.ez as the concomitant data.

Tests of significance and adjusted final itreatment means %ogeath@r
with standard errors of the means are set out in tabulsr form for the
experiments conducted on (4) Bracken Fern (B) Haxd Fern,  Plant
regulator concentrations are those o“b'kaine& after tipping.

A. Exporiment 1. Pheridiun aquilimum treated with 9¢148 x 107
aqueous solutions of k=CPA, 2,k,=D and 2,).,5-Ts

Vars dofsa X Xy v v deft M8, B

B 5 Q%ﬁ hand 2;&&@2 40&7605

E 7 74613 + 2,012 35,6976 3.4555 6
B+E 10 842668 = o770 elBB81 144306 9
D 1162751 3

+5259 70146 *

567583

% Significant



Adjusted final treatment means,

Control
24l=D
2plyy 5ol

4

7370
50143  *
4839 "
5137 "

0725

"

Significance in experiment one is obtained only at the 959 level

of probebility.

Throughout all experiments * denotes a significent resuld, (=)

a non significant resulbs

2 Pleridium aquilinum treebed with e148 x 10"%u aqueous

solubions of L=CPA, 2.hsD and 2,b,0=1,

Vam BT X vy

Mb Sﬂ F«

¥ gyt At

B 3 02200 = JOB47 «0705

B 8 10784 + 8954, #9501 52065 7 0295 36233 =

B+E M 15071 « 8307 100206 o927 10

D 22862 3 095
Adjusbed final treaiment meense

Control 6,979 = .09
I;.*CKPA 6;785 ] "
23k=D 72265 " "
2plsBT 6924 % "

b 3o Pleridium aquilinum treated with 9.148 x 10"%u agqueous

solutions of 4~CPA, 2,LsD snd 2.0.,5-T,

Vare sl x xy

¥ y? defs? M. S, ®
B4 L0043 0179 0749
E 4 4219 o1518 5375 W0537 3 40179 2429 =
B+E 5 $4262 o697 o612 098 L
D Ot 1 L0




Adjusted final treatment mesanse

Control
L=CPA,

m51«»

6eli72
6637

14+ ¥4

o 13k
013k

Experiment three was repeated because of several accidents which

did not permit the use of 2,4~D and 2,4.,5,«1 treotments. Experiment:
four is therefore a repetition of experiment three,
:@%mmm o
Var, defs x xy Na y? o' M, 5, B
B 3 8052 o 1260 162960
B @ '103‘130 00996 01%'?32 »1—1657 5 »0931 lﬂﬁﬁ =
B+E 9 2,1182 0 2456 107692  1o7407 8
D 102750 3 4250
Adjusted final treatment means,
Control 54333 = o176
4=CPA 5.634 " "
2h=D 5.786 " "
2’2*"5,_63 &.0912 i 14

Experiment 5.  Pheridiun aquilimm broated with 9,148 x 10~/ aqueous

solutions of L=CPA, 2,4.,=D and 2,h.,5=T,

Var, defe x Xy \'g y? dofe® MaSe hiy
B 3 11502 «5839 1173
B 7 303983 31361 348197 o S45L. 6 00575 2:72
B+E 10 3.8L85 4,0200 5429951 28148 9
D A 3 » 156k
Adjusbed final treatment means.
| Control 6,97 < 4138
l;:-CPA 70514»6 " 0
2pl=D 7ot
25lB=T  Te321 "



sarl e

Experiment 6. Pieridium acquilinum treated with 9.148 x 10" aqueous
solutions of 4e=CPA, 2,5=D and 2,l.,5+1,

Vars defe x Xy v y® Ao £t M Se »

B 3 «1235 «0838 023575
E 8 2,0706 2431k 342108 o3557 7 00508 1372 =
B+E 11 21951 2,5152 SelilB3 «5650 10

D 02093 3 « 0697

Adjusted final treatment meanse

g+

Control 7745 o130
L=CPA 70823 " "
2yl=D 7a754 " "
2oL« Toh71 " "

A summary is presented of the results from experiments one to six
inclusive, together with the detectable differences between final
adjusted means (Snedécor = Student's "&" test = page 57 (83)), obtained
for those experiments producing a significant result in the analysis
of covariance, "' values are significant ob the jﬁa level of proje
ahility, unless ctherwise mentioned, in all snalyses-of-covarisfice.

The §5% level of probebility is used in Students ™t" test for differences

between means of dreatments and conbrol values.



TABIE ITL. ASM@%W@SGF%%MWQBS%
PIERIDIUY AQUILINUM.
The Response of Pheridium aquilinum to 4~CPA, 2,4=D and 2,4,5-T
Expe Final  Final  Final  TFinal  Standerd Signif. Cslculated Observed
Ho. Cone, "EY Sign. B, Hean Yean Hean Hean Error of Diff, detect. detect,
(Molaxr) (99%) Control 4=CPA  2,0=D  2,4,5«1 of mean  (5k) difference difftwence
T 9uiLBxA0T 7.4 *95%  7a370 Z 725 |
50143 " G725 4,633 = 2,297
2%-08§9 " 5725 * 153'!}85 ""2&53’;
- 5437 " 2725 * 44519 = 2,233
2, 9.148x10 34233 = 60979 " .09
i 6‘?85 " 009 b
74265 " o 09 o
éﬁ& " 5{39 o
30 90ik8x 00 2,29 = 6oki72 " 43,
6063? ” 9‘23&» o
e 9148x107° 156 = 56333 " 176
50652%- " 0176 e
59?8‘6 b 0‘1?6 L]
-&09'%2 # 0?76 L
5¢ 9e148x10°7 2,72 = 6.971 | «138
7,053&6 # o138 -
- 7131 ¥ o138 -
) 7e321 " 4138 -
6o 9.AK8x WS 1,372 = 7o7h5 " L1430
?tgﬁ # 0%38 had
7750 " 4130 -
Tebfd o130 -

*  Bignificent

anl o



Part 1.

(i) Paesia Scaberula = Experimental Resultse

B. Experiment 7, Paesia sceberuls treated with 9: 148 x 10™ aqueous

solutions of 4=CPA, 2,ke=D and 2, 5=l

Vare, dofs x xy

y y'o defe? 1S, P
B 3 « 1158 w 29278 12,6538
E 8 109266 + o 4527 olifl2 93678 7 20525 B8G.255%*
B+E 1 gom had 01%751 139128{3 ‘35»(3‘!75 10
D 12,6497 3 L2165
Adjusted finel treatment means
Comtrol 3kl = 00132
LsCPA Be269 M "
2yh=D 3032 . oom
25k, 5= o870 7 "

solutions of Le(PA, 2, L=D ana 2ol Bl

Vare dofl A Xy

M8 F

y y? Aol ?
B 3 .1’1@3{. o 01212 2;1&976
E 8 0 290k, «2523 e 5i70 « 3280 7 oOLEE  19,04.2%%
B+E 1 o 4008 o131 3,066  3.,0018 10
D 2,6738 3 <8912
Adjusted final treatment means
Control Beld = 06125
WA« 5‘ 55 i i
o ’ M 56 % " W
2ok 5=T ko33 " "



Pogsia scaberule treated with 9,148 x *iO*GM agueous

solutions of 4mOPA, 2,4eD and 2,b.5«1,

=y ¥ y* dofle® MeBy F
B 3 - o137k +0402 +0326
B 8 « 1729 n%?ll- 91366 0m 7 o115 w?"?""
B+E 44 83103 1296 #1592 41051 10
D 0247 3 20082
Adjusted final treatment means.
Control 5,055 = 0,061
4CPA L8950 " "
24h=D 4933 " "
2oliabel 5,028 M "
Experiment 10, Paesia scaberula treated with 9.148 x 10" aqueous
solubions of 4=CPh, 2,l=D and 2,),5=l,
Vares defs x xy ¥ y'oo defe? MSe F
B 3 «O5h4 #0362 0709
E 8 o%ﬁi% o"“{-% 0’{-927 02523 7 a@}m a?’”&' b
Ba+E 41 oI TT « 1860 05636 0329k 10
D 0772 3 0257
Adjusted final treatment means,
Control L4788 = 0,109
LwCPA 4e502 " 0s109
2 ylymD) Le599 ¢ "
2ply5=T 4,637 " "



Experiment 41, Passia scaberula treated with 90148 x 10"8?;& agqueous

solubions of 4e=CPAy 2,heD and 2,b,5-Ts

Var, dofe & xy J

y' Qo s ’k e Se B
B 3 +1094. 21366 0 2354
B 8 14083 ol 04234 J0019 7 L0003 2903
B+E 44 05177 o452 «6585 «2653 10
D 0 262, 5 « 0874

Ardjusted f£inal treatmert means.

Control 5052
L=CPA 4,858
Lglywid 5a 909
2 gl p 5l Lo Ghl

+
hid
i
"

@

00

i
W

"

Although experiment eleven gave an spparently significant resul®,

(Inhibition) which appeared very unlikely at the very low concentrations

- used, the mean value of the conlrol was considered to be ervoneous,

purely by chence (1 chance in 99). Hence the experiment was repeated

(114) showing %hat there was no significant effect due to treatments,

Experiment 11A. Paesia scaberula treated with 9,148 x 10”55 aqueous

!mlutiona of 4=CPA, 2,4-D and 2,k,5=Te

Vars defe % xy ¥ y' defn?! MBS F
B 3 0558 20332 2151

E 8 02546 «212h #3184 WAWI3 7 40202 3262 -
B+E 11 0 510k + 2456 +5335 03392 10

D

o1979 3 659

Adjusted finsl treatment means,
Control 34324
L=GPA 36567
2yl - 2.6E7
254,51 3,623

i+

0,08
L
.

]

The results of treatment of Paesia scaberula are summerieed in Teble IV,



TABLE IV SUMMARY OF THE EFFECTS OF THE THREE PLANT REGULATORS ON

PAESIA SCABERULA

The Response of Paesia Scaberuls +to 4=CPA,

2,4=D and

250,5-T

Bxp.
Toe Conc, F Sign.F,
(Molar) (99%)

Final
Hean
Control

Final
Hean
L=CPA

Finsl
Hean
234=D

Final
Hean

24,5~

Standard Signif. Calculated Observed

Ervox
of mean

(5%)

of Liff. detect, detect.

difference difference

7o 9018 x10°F 8025 ww

321461

30269

30032

+870

2 3 2§

132
132
0132
132

8

* 4

.l[}.;.s - g '3 92
oz;}{l}- 32}29
o2i5k 26591

1

8o 90148 X100 19,01

541

5055

Se 2l

Le35

% = o2 =

0125
0125
125
125

azie?‘i hd ?098

9 94148 x107° 13 =

5:055

4,950

Le933

5,028

2061
2061
0061
+061

100 90448 x10°!  JTH, =

4,788

4,502

4+599

L. 637

+109
109
=109
2109

)

11e 90148 x10 291e3 *¥

5.052

4. 858

45909

Lo 61y

«01
=01
« 01
201

g
00334 - o
- 0334 - o408

11, 9148 x10°8 3,262 =

3032,

36567

3,667

39623

+08
+08
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Part 1,
(i#) Microsorium diversifolium - Experimental

Experiments twelve to sixteen inclusive were analysed by an analysis
of covariance (Snedécor (83)) using uptakes at 150 minutes (immediately
before tipping) and 510 minutes (end of treatment period) as concomitant
datas The tests of significance together with the means and standard
errors are tabulated for each experiment. A summary of the five experi~
ments including the detectable differences between treatment means for

the significant experiments is presented belows

agueous solutions of 4=CPA, 2,Lh=D and 2,kL.,5=T,

Vare defs x Xy y vyt defe? MeSe F

B 3 o5HO0  =18.55L5 829,054k

B 6 %.6106 +10, 6588 37973k  6.525L 5 103051 295943
sedes

B+E 9 L1506 = 748957 867.0278 82,0078 8 '

D 8uBukB2h 3 281,827y

Adjusted final means. ‘
Control 40,730 = .660
4=CPA 390454 " "
29h=D 33724 " 0 *
24ly5°8 17,190 " "
Experiment 13. Microsorium diversifolium treated with 9+148 x 10°2M
aqueous solutions of L=CPA, 2,4=D and 2,4,5-T,

Var, dofl x Xy 5 : y‘ dof? HeSe F

B 3 107232 303352  128,73L6

= 8 5¢6301 22,9206  107:281L 13,9698 7 109957 214:28
B+E 41 703533 26,2558 236,0160 142,2667 10

D | 12842969 3 L2.7656

e



Adjusted final means.

§+

Control 39,126 816
L=~CPA 36,678 * "
2,4=D W0. 6k " "
25L5=T 3163 " "

Bxperiment 1k, Microsorium diversifolium treated with 9,148 x 10"6;\1;
‘ agueous solutions of 4=CPA, 2,l=D and 2,k ,5=T,

Var, defe x Xy ¥y ¥ @f.' NS, F

B 39,5890 46,569  235,0597

E 8 6.6257 15,4602 51,3260 15,2408 7  2.4772 52i#
B+E 19 1642427 62,0074 286.3857 49.2962 40

D e0B5L 3 1143518

(Significant at 5% level)
Adjugted final meansg,

(54

Control L8404
L=CPA Lo 384

2, l".D m“?w ki n
25l 55T 42,3535 " "

«852

it

=

Experiment 15, _Microsorium diversifoliun treated with 9,148 x 10™M
aqueous solutions of L=CPA, 2,4=D and 2,4 ,5=T,

- Var, dofe x xy y o y' o Qefs' MeSe F

B 3 011631 303205 38,8513

B 8 14893 16373 32,5048 18,0654 7 2,5808 2,695=
B+E U1 109520 7.9578  71.3561 38,9208 10

D 20,855L 3 6.9518

Adjusted final means
Control 35,154 +928

LmCPA 324y M "
2plp=D 3he336 " "
29"4—95"’{8 330517 " "
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Microsoriun diversifolium treated with 9.148 x 100

aqueous solutions af 4=CPA, 2,hpD and 2,5 ,5-T,

Var, defs X By i ,Y' dof.? s Se F
B 3 106281 84209k 5647816
E 8 246733 643358 33,9813 1849653 7 2,7093 2,782==
B+E 1 Le301h  44e5L52 90,7629 41,5785 10
D 22,6130 3 745376
Adjusted final neans,

Control 14,828 < ,950

L~CPA 43,180 " 4950

254D 45,783 " "

2gl.y 51 514,880 " "



TABLE V SUMMARY OF THE EFFECTS OF THE THREE PLANT REGULATORS ON
MICROSORIUM DIVERSIFOLIUH.

The Response of Microsorium @iversifolium to 4-CPA, 2,4=D and 2,4,5~T.

Expe Pinal Final  ®inal  Final  Standard Signif. Calcul, Observed
Hos Conc, F Sign,F. lean Hean Hean Mean Ervor o Diffe detect. detect,
(3iolar) (99%) Conbrol L=CPA  2,k=D  2,4,5-T of mean  (5%) diffwewe difference
12, 9,148 x 0 2159, #=- 1400730 I .660
39&%53& " .660 =
33’?22*% " 9660 & 5«%&2 - ?o%
17190 " 660 & 2,797 =23 540
13, 9,148 xH0™° 21,428 394426 " 816
365678 # 58‘26 ——
2;5)}3161;. o e&?é o
31,63, ¥ 816 b 2.733 = T2432
e 94948 x10°° 5,214 * RN " 852
‘ 420384 " L852 e
25{),?2,;8 " 0852 -
42,353 M .852 i
15, 90148 x107 2,693 = 35,15, " 928
57:212% " ¢928 wm—
340336 " ,928 -
33.517 " .928 —
160 9.AMBXTY 2,782 = 140828 " 950
43,180 " 950 e
L5783 #2950 e
471,880 " ,950 -

(Bxp.14) Significant at 5% level,
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Part 2. Discussion. Pteridium douilinum

(i) The only significant response with Pteridium is seen in experiment
one where all three acids at a concentration of 9,148 x 107y have an
inhibitory effect on respiration., (Table III). Significance is
reached only at the 95% level, meaning that the odds of getiing these
results other than by chance are 95 times in 100,

The order of variability is quite high for this particular exper=
imnt (Standard error expressed as a percentage of the control mean
= 9,84)e In the subsequent five experiments variebility is reduced

to around the two per cent level (as expressed by stendard error as a
W per cent of control mean)e

Any treatment effects obscured in experiment one by the high
variebility would presumsbly still have been indicated in experiment
two bubt there is po indication of any inhibition, in fact 2,4-D shows
a tendency (non-significant) towards stimulation of respiration.

In experiment four both 4=~CPA and 2,L,~D show a tendency (‘non»
significant) to stimulation, and experiment five indicates that all
three acids are tending to stifstlate rather than inhibite In experie
ment six all three acids are obviously in meh low concentrations as
4o have no effect at all on respiration, (Table III).

The conclusion can therefore be made that on rhizome epical
meristem tissue in Pteridium acuilinum the three plant regulators studied

have no significant effect on respiration at concentrations below 9.148
% 107,  (170.6k Dopoime OF 4=CPA, 202,20 Depeme OFf 2,4=D and 233,64
PePells OFf 2,1,5=T, )

A comparison can be mede of these responses with respiratory studies
undertaken on other types of tissue (Mono and di-cotyledons). Kelly

and Avery (52) working with "Avena" coleoptile tissue have demonstrated
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increases of 20% or more in oxygen upteke for 2,4=D concentrations
ranging from less then 1 to 400 mg's./litre. With young pea stem
tissue it was found that the concentration of 2,4=D required to give
a 20% stimulation, was of the order of one over a thousand that needed
for "Avena',

Brown (8)) sprayed Bean and Morming~glory plants with 2,4=D (1000
mg/litre) and demonstrated up to 80% greater CO, output than in unsprayed
plantse  Smith et al (55) showed that rhizomes and roots of bindweed
showed an average of 7(f increase in oxygen uptake as a result of
spraying intact plants with 2,4=D at 1000 mg/litre. Similarly Nickell
(85) observed with "Bumex" virus tissue a 20% increase in respiration
over control values at concentrations of 0.1 mg/litre.

Smith (49) d@monatrémd an 80% inhibition of respiration in bean
stem slices treated with 100 pepeme Of 2,4=D in an aerated aqueous
medium, | At concentrations between one and ten pepe.m. resulits ranged
from slight inhibition to marked accel@m‘tian of respiration. Mitchell
et al (56) in an ext@hsive study of root and stem slices of a number of
species (carrot, bean, corn, tobacco, tomato, tomato crown gall, and
sunflower tissue culture) treated with 350 pepeime OFf 2,4=D and 410 p.pPsitts
IAA demonstrated inhibitions of respiration ranging from 50% to 88%
control values,

On the basis of this previous work, one might expect that both a
definite stimulation and inhibition of respiration would be observed in

tissue of Pteridium acuilinum over the range of concentrations tested,

at least with 2,4=D, if not also with the other two plant regulators.
However, the results indicate that this is not so, but that concentrations
above 200 PePalta OFf 2,4=D, 1706k Pepels 0OFf 4=CPA and 233,6l pPepeme OF
2yl,5=T inhibit respiration by approximately 30%. Concentrations below

this hawve no apparent effect on respiration.



Exylamaﬁm of the lack of marked effects on respiration mey lie in the
following hypotheses,

Y. "Pheridium aguilinum does nob possess similar respiratory enzymes to

the mono and dicotyledenous bissue mentioned above so that the key
reachbions wmwh are accelerated or retarded by plant regulators cannot
take pl&cea,. " Inhibition of respiration above VMO kp.p.m. could be
explained si@ly by a high concentration effect of a chemically toxic
substance,

The fact that epinastic effects and gross malformations of fronds
have been observed in spraying trials would indicate that the fronds at
least, possess enzymes common to mono and dicotyledenous stems.
(Accelerated growth is invariably associated mth an increase in res-
pivatory activity (51)).

The hypothesis therefore be restricted to the statement "that
the rhizome of Pheridium aquilinum does not appear to have an exactly

similar respiratory enzyme system to that of mono and dicotyledenous
plants.”

II. Mitchell (56) has shown bha® bean and corn roots erve inhibited by
2,4=D only at high concentrations (10”2 - 10“'3}}&) and thet at concentrations
as low as 40"6% respiration is only slightly stimdated, At similar
concentrations on the same meterial Indoleacetic Acid (XM)(‘lﬂ”g - 10"31%&)
shows a stimilatory effect but at lowsr concentrations (’&C)'m3 - ‘30“%) no
effect at all, Andus and Shipton (86) studying suxin antagonism inccress

(Lepidium sativum) and pea (Pisum sativuam) xoot growth, using IAA, 2,4~D,

phenoxyacetic acid (POXA) and 2,L=dichloranisole (DCA) to the cone
clusion that IAA is not the natural root hormone holding growth below
a maximam, They postulated the presence of a simple inhibitor which
normally maintains extension growth below its maximun level.



On this basis they classify active plant regulators (acting on
roobsl) as =

(a) Those that sugment growth in low concentrations end inhibit
progressively in high e.ge TAA,

(b) Those that only inhibit growth in all concentrations = for
example most of the "synthetic auxing" including 2,4=D end
phenoxyacetic acids

Quoting Andus and Shiptons

"In high concentretions of both types of compound, root growth
inhibition sets in, and the actual site of this inhibiting action in
the growth system may be quite different from that at which the naturally
cccurring im;ibiwr works, If is this high concentration inhibition
by externally applied auxins that runs parallel with auxin achbion in
the extension growth of colecptiles and shoots, highly active auxins
being very effective inhibitors e.g. IAA and 2,4=D, = weak aurins having
amall inhibitory powers, e.ge. phenoxyacetic acid,"

If growth and respirvation are linked, as most experimentel evidence

indicates, the hypothesis of Andus and Shipton will apply to the
inhibition of respiration in the rhizome of Pteridium acuilinum if

the rhizome is considered to have the same response to plant regulators
as a normal mono or dicotyledenocus rootb,

The resultant hypothesis is therefore "that the rhizome of
Pleridium acndlinum, although anatomically classified as an underground

stemy behaves in its response to plant regulators as a normal root.”
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Part 2.
(ii) General Discussion

The results of experiments seven to sixteen (Tables IV and V)
indicate a similar pattern of response to the plant regulators as that

seen earlier with Pleridium aguilinum,

Considering firstly Paesia scaberuls (Table IV) it is spparent

that 2,4,5=T is the only regulator showing any significant effect
(94148 x 107 and 9,148 x 10™M), The inhibition of respiration
induced by 244,5~T is more pronounced at lower concentrations with
Paesia then it is with Pteridium. At concentrations below 9,148 x
10"51&1 there appears to be no further effect on respiration by all three
plant regulators.

Microsorium diversifolium (Table V) has a similar response, with

244.,5=T again being most effective at concentrations of 9,148 x ‘K}.'!*
and 90148 x 10, also 2,4=D showing an inhibition only at 9.148 x 10 U
In all the experiments seven to sixteen there is no significant
stimlation of respiration., Neither is there any non-significant
tendency towards a stimulation at concentrations below 9.148 x 10’53%&
In arriving at an explanation of this pattern of response it is not
reasonable to apply an hypothesis of "a root~like response" to plant
regulators as with Pteridium aquilinum because the rhizomes of both

Paesia and Microsorium have an above ground habit and both contain

considerable munts of chlorophylle

All three rhizomes do however show some common traits which help
to throw some light on the problem; they are all plagiotropic, .
normally growing &'& an angle of 900 to the force of gravity. With
Paegia and Microgorium both of which contain chlorophyll and ave often

exposed to full sunlight, a simple theory of auxin control of growth
as the Cholodny-Went hypothesis (where therrate of growbh in plant



~67=

parts exhibiting a geotropic response is due to an accumulation of
an essential metabolite which has been displaced %o the lower sid,;z:
of the organ under the influence of gravity) is not sufficient to
explain their mode of growbth, always horizontal. e€.ge. VWhat mokes
a rhizome grow horizontally before the auxin becomes displaced down=
wards under the influence of Wvﬁ.ty‘?

Bennet-Clark and Ball (13) in a study of the plagiotropic bew-

haviour of rhizomes of Aegopodium podograria found thak by inverting
rhizomes through 180° so that the lower surface becomes the upper,
the rhizomes go through a rapid series of upward and downward bending
motions until finally they adopt a horizontal position similar to the
original one, They say "™the fact that recovery from the stimddus
brings about a condition apparently exactly similar to that existing
before the stimulus bubt with a different anatomical region as the
physical lower side seems to make necessary ab least a two hormone or
Zwo particle hypothesis."

They postulate either

() a growth hormone together with an anti-hormone neutralising
it on the lower side of the rhizomeg

or (b) a second hormone capable of evoking growth acceleration bub
located on the opposite side of the rhizome acting am a
neutralising agent.
Their work was caryvied a step further by a chromatographic assay
of growth substances carried out by Bemnet=Clark and Kefford (87) and
Kefford (88), They demonstrated on chromatograms the presence of two
areas of growth promotion and one of growth inhibition. One of the
areas of growth promotion has been demonstrated as solely due to IAA,
They have tentatively called the other two growth regulators "accelerator
o4 " and "inhibitor 3", ALl three growth regulators were isolated
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in etiolated broad bean and pea shoobs and roots, etiolated sunflowsr
shoots, maize roots and potato ebiolated shoots and tubers. The most
significant result arising from this work was the demonsbration in
etiolated broad bean shoots, of IAA as the predominating growbth sube

stance in the stem and the subsiance ﬁ predominating in the first
lateral buds The latter is suggested as an explanation of apical
dominance and the predominance 013}/3 in potato tuber skin is suggested
ags an explanation of dormancy in tubers.

The hypothesis of Andus and Shipton (86), earlier mentioned in
comnection with Pterddium, that root growth is maintained below a
maximun level by an inhibitor would seem most likely on the basis of
the evidence just presented, Similarly the "diageobropic response”
contemplated by Bemnet=Clark and Bsll (13) in rhizomes would seem to
be substantiated by the definite proof of the presence of an imhib.i’tzor;
since further substentiated by Ball (14)e

On the basis of the probable presence of a plant growth inhibitor
in all three species of vhizome examined in this study, the following
possible mechanism of response to applied plant regulators is presenteds

It is postulated that the three rhizomes exsmined écntain a
natural growth inhibitor (possibly mf/«g isolated by Kefford (13))
which acts as a balancing co-~factor with IA4 in controlling the plage
iotropic pattern of growthe This inhibitor has an anti-auxin activity
(12) which inhibits competitively the action of auxins applied in low
concentrationse The three plant regulators used in this study, which
are know to have strong auxin activity, perticularly 2,4=D and 2,4.,5<T,
inhibit growth and respiretion at concentrations above i;hm; necessary

to counteract the competitive antimauxin effect of the postulated
inhibitor. The site of inhibition may not be the same with the

natural inhibitor and the applied regulator.
Low concentrations of gpplied plant regulator are ineffective due to
the presence of competive anti=auxin activity of the postulated inhibitore



CONCLUSION.

The general conclusion arising from the study is that Pterddium
aquilinum has a high resistance o applied plant regulators because
of the nature of its rhizome. Fipstly that the rhizome is situated
at a considerable distance from the usual site of application (Fronds)
such that concentrations of plant regulator penetrating to the rhizome
tissue are necessaxily low. Secondly that the rhizome, in company

with the rhizomes of Pagsia scaberula and Microsorium diversifolium
would appear to have a nabtural plant regulatory system that @p&ms
by an antiauxin action the low concentrations of @pm@ﬂ plmt regulator
that arrive at the site of action,

It is suggested that further study to reveal which concentrations
of epplied plant regulator will actually bring about death (wm“&h@r
physiological or phytotoxic) could be along the lines of a correlated
growth and respiration studye Such a study in addition to helping
solve the problem of how an applied plant regulator exerts its influence
would also help to elucidate the mechanism of diageotropic response of
rhizomes, and therefore indirectly the natuval plant regulator composition
of rhizomes and any similerities they may have to roots.

It is further suggested that where possible a biometrical @mlu&tﬁ.mk
- of such studies would prove to be of great assistence in clerifying
nunerdcal resulis.
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SUMMARY,

1e  The pattern of response of respiration in meristematic tissue

of rhirzomes of three species of Fern; Pleridium aguilinum,

Microsorium diversifolium and Paesia scaberula, to the application

of three plant regulators, L=CPA, 2,4=D and 2,4,5~1 has been studied
using a Warburg respirometer technique.

2s ALl three species exhibited some significant degree of inhibition
of respiration at concentrations of 9,148 x 107 Nolar and highers

3,  4=CPA inhibited respiration at 9.148 x 10"} with Pberidium
aguilinum onlye

Lhe  2,k=D caused a significant inhibition of respirvation at G148 x%
10%&{ with Pleridium aquilinum end Microsorium diversifolium,

Be 2,454 caused inhibition of respiration at 9.148 x 10 M with
Paesia scaberula and Microsorium diversifoliwn, in addition to a

significant inhibition with all three species at 9148 x *%0"1'"%

6o No significant stimlations of respiration were recorded for

the range of concentrations useds (9148 x 10”1 down to 9.148 x 10-8M).

7e¢ The theoretical significance of these Lindings is discusseds
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Tabulated below are oxygen uptakes in microw-litres per milligram dry weight corrscied by each flask

APPENDIX A,

constanty for each flask in the seventeen mojor experiments,

Exm, Flagk Funbers Time in

Noe 4 2 % & 5 & 7 8 9 40 44 12 ¥inutes

1. 2,29 2,01 2,25 @ - 2,53 2,78  1.82 2,99  2:26 2,04 3,27 2,64 30
7690 Tkt Tek8 @ = 7692 Ba50 6,00 9463 7418 Gl 971 797 90
13615 12,65 12,98 - 1370 15038 1044 1817 ‘%3975 1240 1757  1helyd 150
19:43 18,63 19,69 - 17:75 18663 14210 22,40 17.48 15,25 21,18 18,48 210
26,58 25,58 26,10 - 2168l 22,83 1842 26,70 21.Th  18.56 24,23 21,06 270
41e51 39261 41,08 - 32639  33:28  28e11 37010  33:18 28,28 33,56 k.76 390
UB.TO  h6olO  4Bek5  w 37,78 39011 33.9h  43e3h L4003  34.68  39.48 542,68 450
55637 53218  55s38 = L3016 Uhelif 39299 LBe62 L46ehB 3978  4he97 50,87 510

2 1079 2,12 19 2a15 4691 197 225 1e63  1e81  1.71 1,98 2,08 30
6s6L  T7e28 6,98  TokG 6066  6aT5  Tel8  Be9h  6.77  6ek2 6,86 7035 90
131 12068 12,27 13642 14071 11661 11005 11,00 12,59 11695 42,43 12,58 150
16680 18,80 17,97 19635 , ‘%‘?;ﬁ 16,87 18:15 18.25 18.31 18,08 18,18 18,73 210
23426 25,72 24091 26060 2358 23023  e75  24e66 25,28 2475 24,08 25,48 270
57a9h W08 39460 11498 37,82  36ekd  37.3h 39257 H1e6h  L4OcOL 39446  LO.42 390
393 L7468  16.30 49419 53693  h3elh  khe22 4710 489k  46.99  L6e6h 46,94 450
51680 55,12 53,62 57,03 51,30 50624 50s71  53.85 56066 She3k  54s06 53,60

510




APPEIDIX A (gcontinued)

Expe Flask Nunbers Time in
Hoe 1 2 3 L 5 6 7 8 9 10 14 12 Minutes
3. 1691 1699 2o47  2.18 2:29 2.2, = - - - - - 30
7e01 6668 793  Tek3  Tob1  TeOh = - - - - - 90
12,36 12,2 14630 13642 13028 12,82 = - - - - - 150
17098 1787 20.56 19.23 1936 1796 = - - - - - 210
2030 23450 27637 26607 26,06 28e59 = - - - - - 27
37:40  3600h 41660 39,97 L40e32  37.73 = - - - - - 390
43659 42,21  L8BaL9 146,63 L4731  L43.99 = - - - - - 3450
50616 47480 55,82 53,65 53469 50693 = - - - - - 510
Lo 1049 1,66 = 1,67 2,09 = 1496 1ek5  1ek5 o5k 1452 155 30
460 5ak2 - 5,55 7,00 = Be3l  5e22 5438 5¢58 5415 5,75 90
8ol 967 - 9,70 12412 = 8ol 9462 9458 9489 9,04 9,58 150
11059 43656 =  13e2h 1898 = 42,50 1241  A3eld 1491 12,72 13427 210
15082 18,20 = 17068 25,70 = 16,87 1647 1849 19427 7.1 1731 270 .
26,20 29,66 = 29,99 33.7h =  27e5h 28,36 28,80 29,29 28,35 31,68 390
32,67 36466 = 3778 L44e15 = 33.93 3468 35,06 34e88  34.66 37,86 450
38017 42,08 = 42,87  46e95 = L4009  L4OOh  L40e66 394kl 52,4 510

39.66




APPEIDIX A (conbinued)

65.16

58485

" Exp, FLASK NUMEERS o | . Time in
Ho, 4 2 3 2 5 6 pi 8 9 10 11 12 Minutes
56 2068  2:5L 2,26 2,62 3,05 - 2,80  29h Beil 2,86 2,73 2,82 30
8oh6 8418 707 815 9415 - 8668  90h 10431 1007  9s03  7e39 90
168  1he10 12,09 13,89 15017 w el 1eb2 16,79  16e3h 1hek9 11691 150
2140k 20,12 1771 20:58 22,02 = 20e22 22,13 25,12 25,28 22,08 18,19 210
28405 2668 2331  27e65 29412 = 27,49 2944k 32,70 32,96 28,77 23.59 270
42,02 1086 35608 42:35 Lheld = oSk LheO7  4Ba30  19.70 13469 36,18 390
49,60  148.82 41e60 50622  53ek5 =  48s99 52,09 56617 5876 51637  42.84 450
56640 56672 47099 57657 61s93 = 55¢95 59ek7 63457 66491 58,51 LB.65 510
6o 2,56 2,80 2,81 2,90 288 2,31 1462 2,78 2,9 2,80 2,97 2,77 30
' 8e17 9002 910 9638  8Bo91 7662 6,91 8,80 o188  8eB1 9,19 876 90
15002 15477 15675 16026 15642 13616 12013 15015 15688 15,05 1546k 14e93 150
20656 2358 23451 2200 22,75 19429 18,09 22,23 23039 21,99 22,82 21,57 210
27092 31683  32:06 32452 30685 26670 24e93  30.01 31,98 29,52 30,83 29,94 270
52,70 BBLA9  EBeTh  L9e51 U673 KITT  38.59 4619 149e57  Lha96  LTehk  ho31 390
49.83 56615 57005 57088 She2 49406 4he99 53476  57e51  5201L 55,08 51416 450
56630 6lell 6583 66416 61630 56e60 5106 61422 62,59 57,81 510




Exps , NUMEBERS Time in
Noe 1 2 3 L 5 6 7 8 9 10 41 12  HMinutes
7o 1093  2:06 215 2,43 2616 2.16 2,2k 1e91 2,01 1.88 2,65 1,93 30
6612 6655  6abl Te19 660 6053 677  6.03 6622 5,61 8e22 5,96 90
10011 10071 10080  1167:  40.76 10682 11031 10629  10e49 9.56 13,79 10s12 150
13671 ilebli  1he65 17066 ok  1he53  1he86 13675  14e02 11,98  17.16 12,39 210
17649 18662 4873 22,32 48629 18.39 1872  17.50 17,90 1338 19.31 1he61 270
o6 25059 25,60 29035 2Ue15  2Ue32 2030 23440 24613 heth  2005L  15.66 390
26,89 Bolild 28,39 32,05 26642 26,63 26,28 25:.7h 26038 1423 2069 15,20 450
30620  He73 31092 35,07 29,08 29.35 28663 28540 29,96  1ha5h 21625 15.62 510
8 218 233 242 2,56 252 241 2,38 2,25 2,36 2447 254 2,85 30
6020  6a67  6e79  To25 6579  6e71  6e70 6651 6681  7e15 701 6,90 90
10626 11013 17025 12,07 11eh7 11210 11617 11607 11025 11,94 1165 11438 450
14028 4566  15:80  16eld 15085 15645 1539 15638  15.5h 15687  15s47 15621 210
18e5k 20635  206h3  21ell 20661 2001k 20,00 1994 20,28 19436 18,61 18,61 270 .
28e2h 31657 1651 3317 31.98  31.00 3053 30,03 3089 27622 26,07 26,48 390
33066 38632 37086 3973 3869 37023  B6okl  35ek2 36671 32,65 30.77 31488 450
38e6h  Ble67  Lhe26 46653 L5683 43671 42:20  L40.57  42:0h 40,29 38,39 39.49 510




APFENDIX A (continued)

Expe FLASK HUMBERS Time in
Nog_ 12 3 L 5 6 7 8 9 10 4112 Minutes
% 219 2,32 2,36 2,22 2,27 2,33 241 227 2,25 221 2,22 219 30
6.61 7010 7e05  6a73  6oB3  Te2h 7638 Te0h  6.96 671 6uBL 6,65 90
10073 1152 11435 10,88 1008k 1106k  11e73 11438 11411 10,75 10686 10,53 150
10682 15098 1506k 14098  Wea0 16609 1595 15650 15007  Ahe72  Akolh kel 210
19609 20,56 20,08 19416 19508 20,77 20652 19502 19ehk 19018 19,26 18,72 270
20,05 31419 30,42 28,80 28,56 30,99 30,52 30610 20,37 28,89 29,05 28,37 390
3062 37401 36,30 34407 3he03 36058 35069 35051 34aTO  3he31  3he3h 33095 450
U060  43.26 12,88 40,02  4OWLk  U2e73 L1668 141096 40,72 10,65 40,59 4De33 510
106 2,07 2,18 2412 2412 2,27 215 2,07 241 2,26 2,25 2,46 2,22 30
| 6025  6.55 6425 6630 6478  6e3h  6e51  6e39 6,65 6,65  6e36 6,51 90
10632 10077 10648 10040 11008 4049 1067k 10,66 10,97 41,05 10,65 10,76 450
1he2h  14e87 1403 14019 15598 ‘31;.;2;‘1 ‘i&..é;ig. 14662 1491 15;31;. 149  14e39 210
18ok6 19021 18,10  18.hh 4967 18,60 18,80 19405 19shk 19048 19,65 18,85 270
27022 28,53 26,75 27001 29.20 27522 27,59 2802 2852 28,75 28e5h 27,80 390
3249 3420 31692 32417  3he52 33052  33eTh 33691  3he23  3helS 33.7h 33490 450
5740 40e1h 37019 37020 40.25 3871 3838 38,95 39,08 3943 38650 38.85 510




Expe

- . Time in
Ho. 1 2 3 L 5 6 7 8 9 10 14 12  Himubes
e 2,35 2626 2,67 258 2,25  1.79  2:39 1630 2:21 2441 2,25 242 30
6575 654 7o 2h 7oy 6437 Seli3 6,80 5 70 6639 6637 6e55 6094 90
10662  10shh 11638 1122 10,09  8e85 10,62 9662 1010  10:10  10.38 10,88 150
15628  15s00 1663k 1661l 1he17 13030 15022  1hoh5 k57 1Le68  148h  15.59 210
19642 19611 20.72 20059 1796 17417 19633 18e71 18.80 18,76 18.93 19.73 270
29:87 29029 31633 31615 27415 26652 29446 28467 28e52 28,15 29,18 30,00 390
35607 3heB1 36687  36ek3 31660 3110 3he60 3365  33eh7 32073  34e08  34e9k 450
4068l 40635 14310  142:27  36e7h 36436 4028 39,06 38.86 37,35 39.48 L40s41 510
1.2, 1671 187 1680 192 26,03 1670 18 fel 1479 1679 o7 30
5645 5663 5667 5665 6617 565 574 L9 556 5¢72 Ty % 90
8488 9¢25 Yeli 9627 10,18 9,10 9:21 8s23 9665 9.09 9038 8,97 150 )
12649 12663 13,09 12:38  13¢81  12:52  12:45 11637  13e13 1262k 12:96 12,46 210
1567k 15685 16643 15689 17675 16031 1661k 1ha69 16691  15¢6h 16649 15,88 270
22417 22446 23,04 22:78 24695  23.46 22,87 26kl 24426 22,26 24,00 22,73 390
25648 25,69 26631 26029 28,89 27e32 26075 24,9 27,96 26,10 28,12 26,27 450
29615 28482 29,85 30,08 33628 31,87 F1el13 27.8h 3283 29637 33,05 30.47 510




APPENDIX A (comtinued)

Time in

Exps
Yo, 1 2 3 L 5 6 7 8 9 10 11 42  Hinutes
12 632 6,70 = 7402 690 570 = 7ak3 6ol 8,06 6,09  6e9h 150
38063 3901 = 140s26 1120 3498 =  35.17 3362k  20e99  16:26 6.7 510
130 6e51  6s60  Tol7  Te28 | Te78 810 622 5,71 8e30 6689 6635 7eTs 150
36096  3Th0 4032 36050 42051 38495 3656 3hek2 K5ohT  HgOk 28479 3400 510
e 10412 969k 1045 9409 9.02 882 6,30 7681 9619 B8s91  Te10 898 150
149483 51626  54i20  46ek6  he23 43460 38430 38483  4he80 42,66 38,55 4248 510
156 5ol 6026 6o52 6,95  6okD 5,80 6,00 5099 BBk 6s25  bolik  5.96 150
31481 36046 36480  3948L 35,80 3835 32034 3heB5 33412 33451 35450 32,27 510
160 Te18 752 BaT6 6k Te25  Te2l  Tehb  Te2h 6098 Te00 620  Teh2 150
Wield  U45e93  UB39  43e15 L2073 Ma86  46.25  13.8L 47028 41sA8 37,92 4he05 510




APPENDIX B.

dry weight corrected by each flask constant, for flasks in the pre-
Liminary experiments.

Tabulated below are oxygen uptakes in microwlitres per milligram

Experiment T.
Time in FLASK mmmas |
Minutes 1 2 3 A 5 6 7 8 9 10
30 o109 W33 025 060  1e85 W79 63 el 466 11
60 o657 1210 W75 1408 2,71 telh 672 172 1s0L o566
90 2,08 2,97 2,00 3.13  ke81 3607 2170 Le17  2.75  3e52
120 2095  4e29 283  Lel5 6029  Le10 3616 5.61 3661  Uoi8
150 3072 5639 3667 5ebh 7628  he7?8 3462 6433 4e56 Lol
180  L4e70 671  L4e59  6e86  8ebli 5492 Le70  8e20 5.79 5651
210 5669 7092 Bek2 831 10s49  Te18 570 9,70 6,93  7ek9
240 6e78 9613 6617 9027 11eh8  Bo20 6aB0 11637 Te79 793
270  To77 10656 6093 1062 12,22 8,89 6,96 12,09 8,36  7.27
300 908 12,10 8e26 12041 1432 1001k  8e59 14625 9678 970
330 9085 13009  9:01 13.73 15.43 11628 9all 15426 1065k 10,80
360 10695 14463 10602 15006 16054 12,19 1040 16,70 11,78 11068




APERDIX B (gontinued)

Experdment IT
Time in FLASK NUMBERS
Vinbs 1 2 3k 5 6 7 8 9 10
30 1eh3 1086 o63 092 1eA7  olh o357 1637 496 86
60 2,96 3.9k 2623 2u3h 2ok 219 165k 3018 2:7h 237
90  4s29 6602  3.83 377 3672 3095 2682 Le87 Lhek2 3,78
120 5a63 7099 5432 ke99 500 5656 14e23 6625 6a09 5a07

150  Te25 9063 6a81 6e73  6s81  Te 32 5s6h 795 Te88 6,58
180 9007 11082 8okl  8s56 8430 9622 6495 9ubl 9467 7e99
210 10621 13ek6 9,79 989 958 10,98 8:08 10681 10s75 9,07
20 11646 15,00 11518 11ed1 10:75 12:30 9021 12,08 12,42 10,36
270 1289 16075 1267 12:2% 1241k 13.77 103k 13456 13686 11655
500 1422 1850 1405 13646 13052 15.52 11456 1heOk 15417 12085

330 15656 20a1h 1565k 14e79 15633 17e1k 12:87 16ak3 16s49 ALa0l
360 16099 22,22 1740k 15:91 1640 18:75 13e91 47.70 17.92 15,22

30 o88 1610  1ehB  oBL 1eTh #7566 1s02 168 1435
60 1690 2421 241 1e61 3013 1656 1018  1e97 270 263
90 3633  3e51 3662 2.61 478 251  2:07  3e47  L4e27  3»78
120 14a62 5.26 5,41 3ok 6652  3eTh 2696 5613  5a75  5e22
150 6072 6456  6Galyl  4a38  Bo26  B.50 3,92 6455 7.08 6639
180 7oBhk 8s12 8018  Belb 10s17  6.32 5e25 8s21 900 7.92
210 8s77 936  9ek8 6423 1183  TeBh  6e21 9663 10s23 9,27
240 10660 11.05 11216 7e16 1348 918  7eh7 11653 12.15 11,16
270 1242l 12,67 12.6h  Ba31 15439 11462 8.80 13.03 13483 12,78
300 13060 1h4eOh 1heOh 9031 17013 11649 9e5h 1461 1518 ko34
330 15602 15647 15625 10031 18e70 12:71 1087 16611 16676 15066
360 16638 16477 16,46 11031 20653 1387 1191 17.69 18633 1710




APPENDIX B (continued)

2777

29,58

26,77

Experiment IIT,

Time in FLASK NUMBERS

Mimttes | 2 3 L 5 6 7 8 9 10
30 W82 W48 4l 679 685  1e07 1,08 .98 1,09 k9
60 1e76  dodh 202 1092 4627 2k 2,53 183 2,18 2,78
90 2,85 2,00 3476 3016 2ok 3,26 3497 2067 3ebh 47O
120 3026 2,57 helib 3684 2:87 3677  he57 362k Lel3  5e56
150 3a9%  3e3h  DBeld  heTh  heOh  he79 5490 309k 5622  6o63

T 480 LeB9  3.91 6655 5653 hel7 5O 6eTh ko799  6.07 706
290 5.71  L4e67  TeB3  Gald  5el3 6,01 7.7 5649 70% Teld
250 6625 5,06 8623 711 5:75 Teolk 867 5092 Te65 7o
270  Te20 5682 93k 8613 6460  Tobk 9639 7405 8Tk 8:98 |
300 8629 6o87 10632 8,92 Te3h 8426 10.36 T7.75 9459 9463
330 8656  7e16 10s60 9637  T7e66 8.97 10,96 8,03 10,08 9663
360 9e79  8uk0 12413 10662 883 999 12:41 9472 11eh2 10.91
Experiment V.

Time in FLASK NUMBERS

Mnutes 1 2 3 L 5 6. 7 8 9 10
30 1056 1058  2a4B 1287 2,04 2:43  2.47 1622 4012 4682
60 3092 3496 196 4a02  4a59  ha86  ke72 2,20 2,02 3.94
90 601 6e87  Tub8  6aTh  Te39  8a00  Tek2 3,67 3485 6,00
120 8062 9452 0ad 9012 10645 10615 9622  Bell 6,31 8,64
150 10619 11637 1240 11600 12,75 11686 41625 6442  8o3h 10ekh
180 12:81 13675 14663 12,88 15,55 14e72 13.50 8,08 10.8L 12,52
210 1490 16513 16061 1476 18410 16458 15.30 1040k 13030 1ke35
240 16621 17672 18,35 15484 19,89 17087 20,25 14027 15,10 15092
270 21618 23,01 24e05 20667 2502 2359 20092 45692 20697 211k
21096 25008 24a55 20.9h 25:75 2073 2317 16466 21,87 21440
330 24005 25092 26,04 22,82 27,79 26,88 275 18,37 e 22,70
360 25,88 27,77 2he16 28,88 20,09 26415

2e 53




APPENDIX B (Continued)

Experiment VI
Winges 1 o WS, NpmmRs .
30 3026 3086 2,95 3,36 460 3,26 402 285
60 7025 81 9495 651 8,60 6,73 TeBh 5498
90 9085 11,37 13413 945 11,00 8,77 10,56 7412
120 13035 15,47 18,52 11s97 15000 12.4% 1458 14411
150 15020 A707% 21021 el 17020 A48 16:85 13,14
180 17035 20,02 23.35 16s59 19,40 16,72 1961  15.67
210 19689 22,52 25,50 17,85 21,40 19.17 22,13 17438
240 22,23  2hel9 2765 21,63 23,20 21,82 24,89 21,94
270 23063 25,70 28,99 2148k 23,40 22,64 25,90 21.37
300 25697 28,43 3248 24a57 25040 25,09 2917  24a79
330 27,37  29.57 33485 25,20 26,00 26,52 30,45 25038
360 29,25 3.62 35.kh 26,88 2740 28.35 329 27a95
390 30,18 32,52 3732 2877 21,40 29458 halS  2Be21
420 31659  3Ls58 37,05 30603 28,20 31.62 36446 29,94
450 52452 35449 37485 30445 28,60 3284 37047  30s78
480 55095 36062 38493 32,97 29.40 33486 38,98 32,20
510 35410 37,76 40.27 3465 20480 3ha88 4Auh9 3391
540 36573 3913 42,96 35049 31000 36051 3503k

142,50




Experiment VIT

APPENDIX B (continued)

Time in FLASK WUMBERS |
Winutes 9 2 3 L 5 6 7 8 9
30 1680 1281 188  2:2h  1.00  2.32 2:67 .12 W87
60 3087 3096 428  La65 2,57  3¢81 5619 okl 2,28
% 5095  6ok3 6651 6672  Le89 6430  6e53 a1l 3027
120 706 7e59 8.06  8ek5  5ek3 7463 7672 14953  Lo36
150 8,03 858 9026 9483 6457 8B.k6 9465 304 Be3k
180 9ol 10606 10463 11655 757  9:96 0.8k 3487 6021
C210 0 10611 11638 11666 12,76 8el3 10462 1098  Le29 6032
2L0 1677 13e53 1406 o686 9486 12461 1306 6e6k 7495
270 12,60 14052 15409 15669 11601 13kl 14e55 7420 8,72
300 13071 1508h 16,80 17.42 11.86 15410 46:33 8,03  9.81
330 o8 17032 A7.49 18445 12:87 16,10 16492 9e1h 10.79
360 15065 186k 19020 19483 ko5 17009 17652 102 11455
390 16048 19030 19472 20487 15.01 1875 19500 11408 12,42
420 18028 21ok5 21660 22,59  16ekh 19442 20.3L 12,60 13451
450 19425 22,93 22,80 2U4si5  18.01 24kt 21,68 kBl 1482
480 20022 a5 23485 25,35 18,52 21,53 2272 15451 15458
510 2146 25,74 25021 27,08 20415 23,07 2Ue35 16462 16478
540 2243 27422 26041 28,63  21eh5 2556 25632 1758 17.98
570 23,82 28,75 27095 30a48 22,50 26,06 26443 18483 419,29
600 20,65 30036 2881  3e7h 23459 28,05 27:62 19.80 20,27
630 25089 32001 30018 3363 25,02 28,88 20.40 20691 21447
660 27,00 33066 31089 35053 29,45 33,03 31.18 2243 22,67
690 29,97 35eli7 33027 37060 27459 3071 32,98 22,85 24,08
720 31002 39069 37655 L2626 31,60 36418 19030 26659 28,01
750 3240 41025 38,58  43.81 32,60 37,51 19s89 27,42 28,99
780 33651 U2:73 3978 4588  3hekb 38,51 21638 28,94 30,73

Oxygen uptake figures used for experiments IX, X and XI of the

preliminary experiments ave those for respectively 12, 2 and 13 of the

o

major series of experiments.





