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II 

The development ot an auxanometer capable of detecting o. 67 ),1111 

increments in plant elongation and ita application to the atw\Y or 

eypocotyl elongation in intact Lupi.pus anguatitolipa aeedlinga ie 

de cribed. 

A displacement tranaducer, in conjunction with a carrier wave 

ulator and a digital wltmeter, wu utilised to detect 

cr:hangee in length ot the elongating 1\Ypototyls ot tour~ old lupin 

aeedl.ings. 

The deaign ot a root bathing aolutton chamber and emironllontal 

control chamber ia outlined. 1 th the aid or the• two chambera the 

toll errr.l.ronmental paremetera could be Yaried independentl.yr-

temperature, water potential and aeration of the root batb:l.ng aolutionJ 

temperature, relative humidi\y, and gaaeoua oompoeition ot the enrircn­

ment; compoai tion and intenai. ty ot light within the environmental 

chamber. Problems encountered 1n etf'eoting rapid ohangea ot theee para­

meter• ere diacwsaed. 

The rlabili \y of the auxanca,ter as an etteoti ve tool ror plant 

growth reaearch wu teated \ff ita application to th atuq or growth 

ratea under a ftl'iety ot envirom:nental chaagea. chort term growth 

reaponaea ot lupin l\fpocotyla to chanpa in relatiw hUllidiV, root 

.,.--·rature, and oamotio potmtial ot the root batbina aolution, plua 

exposure to anaerobic ni tro n and carbon dioxide a apherea, haw 

yielcSed the tollorina reaul ta 1-

1. Variatione in saturation deficit of be en 2.9 an4 16. 2 mbar 

altered growth rate• only marginal.1¥. 

2. Pluctuationa 1n root teaperaturea 'between 2, an4 ,.,o O aoarce ly 

atteot bnocotyl growt ratea. 



3. Growth reaponaea to changes in osmotic potential ot the root 

bathing aolution are aiailar to thoae deacribec! by Acendo et 

al ( 1971) with intact maize leawa. 

III 

Periods ot anaerobic nitrogen oonditiona yi_elded reaulta 

ccmparatiw with tboae ot Gillbank et al (1972), who atudied 

the eN'eots ot cyanide on growth of wheat ooleoptile segments, 

except tor n1 trogen treatments of mare than 30 ndnutea in dur­

ation. 

5. Exposure of aeeclllnga to an anaerobic carbon dioxict. atmosphere 

etiaul.atea }vpoco\yl growth ratea by up to eight timea, the 

reaul.ta indicating that 002 stimulate the utUiaation ot a 

growth prewraor within the cell whilat aimul.taneoua].Y inhibi tin, 

its eynt.heaia. 

The results illuatrate both the versatility and the potential 

of the described au.xanoaaeter in the description ot plant growth reeponaea 

to en'liranmental change•, conaequentl.Y aiding in the identification 

ot the oau.~al. mechani ot plant puw"th proceasoa. 
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A. INT.ROWCTION 1. 

In the f'ace of' mounting food shortages man has turned to the 

stuey of' plant growth in an attempt to increase crop production. Plant 

breeding, fertiliser trials, iITigation trials, and plant pathology 

studies have played important roles in efforts to boost supplieso 

However, if the greatest efficiency in plant growth is to be attained, 

1 t is vital that man understand the ways in which environmental par­

ameters affect physiological processes within the plant. 

To procure information ot this nature requires the design and 

implementation ot precise cause and effect e:xperimentso There have 

been, however, maey experiments performed in the study of plant growth 

where a pairticula.r treatment has been a.dministered to the plant, a re­

sult noted at a later time, and a cause-effect relationship postulated 

,ri thout the precision advocated above. This is best illustrated by an 

example such as the Loblolly Pine study ot Brix ( 1962). Brix clearly 

demonstrated the manner in which photosynthesis and respiration both 

decreased over a 14 day period of drought and then returned to their 

original levels within two days of the resumption ot irrigation. How­

ever, Brix did not measure plant growth rates, leaf' water potentials, 

soil water potentials, or other variables that would be required to 

ascertain whether or not it was the imposed water stress directly d­

tecting photosynthesis and/or respiration that led to reduced growth, 

or £t in tact the reverse process was occurring - i. e. reduced growth, 

impairing photosynthesis and/or respiration. 

Oonsequent]J, in studies ot plant growth under water stre s, for 

example, general conclusions about results have been made, but rith 

little into1111a.tion as to how these results arose. It appears neceasar:, 

in s~ the effects of water stress on growth that one firstly 

establishes tacts such ass length ot time taken for growth to be inbib-

1 ted by an imposed water a tress, the value ot the minimum stress to 



2. 

give growth inhibition and the duration of stress before restoration 

ot water will fail to give a resumption of normal growth rates. It 

one knows how the imposition of stress affects the gro,rth rate one can 

attempt to eJiurinate possible caused :faotors. For example, if grawrth 

rate is zero at a lJJ ext. of -5 atmospheres imposed for 20 minutes, one 

can examine the processes of the plant affected within this same time 

interval in an effort to discover the main c8116d factors of this grOW'th 

cessation. 

Water stress gives rise to: - lower kinetin activity in root 

exudates {Itai and Vaadia 1965); higher abscisio aaid levels in leaves 

after wilting {Wright and Hiron 1969) ; an increase in the activity of 

indoleacetic acid oxidaae {Darbyahire 1971); liberation of amino acids 

{Kemble md Macpherson 1954); a monosomeipolysome ratio increase {Nir 

et al 1970); and an increase in the rate of destruction of RNA {Gates 

and Bonner 1959); but all this kncnrledge can not be used to construct 

a valid model for the effects of water stress on plant growth until a 

atuey of the vpe suggested abo'Ve is completed. This is due to the f'aot 

that when the kinetics of water stress - plant growth relationships 

are examined it~ be found that many of the above obae:ned effects 

ot water stress occur at'ter plant growth has ceased and consequently 

would not have contributed to the mechanism whereby growth was inhibited. 

To oomnence a atuqy ot this nature one must be able to m:>nitor 

plant growth OYer short time interval.a. The present project waa under­

taken with the aim of developing a technique which would enable the growth 

ot intact Lupinua anguatitoliys seedlings to be recorded w:l th aufticlent 

accuracy that their responses to variowt stimuli oould be determined, 

and where poaaible the results compared with Bimilar ahort-te1'111 growth 

ld.netio etudiea on lupin h;ypoootyl aegxnents. Hypocotyl growth on 

intact planta was studied in preterenoe to hypocotyl seationa since a 

oorud.derable bank ot data regarding the growth of lupin }zypoootyl 



sections has been built up (Penn.y 1969, Penny P. et al 1972, Penny 

D. et al 1972) , but the relationship between excised and intact 

hypocotyl tissue had not been examined. It could be expected that 

entirely different source - sink relationships exist in the intact 

seedling compared to the excised section. Adepioc and Fletcher ( 1971) , 

for example, showed that the primary leaves of intact bean plants, in 

which senescence had been delayed by application of beneyladeni.ne, 

did not mobilise 1lto-suorose or 1ltc- assimilates ted to other parts, in 

contrast to the situation rl th detadled leaves. Gates ( 1955) found in 

young tomato plants that leaves at dif'fering position ,md age responded 

to water streaa quite differently, both during and after wilting, many 

of the d.U'ferences being ascribed to nvdif'icatiorus of patterns of 

tranalocation normally operating within the plant. These two examples 

illustrate some ot the complexities or source - sink relationships 

that exist even within the same organs on a particular plant. 

This project attempts to develop an accurate net.hod for measuring 

short term growth kinetics in lupin hypocotyls so that results obtained 

with the apparatus may, where poseible, be compared rl th those obtained 

tor hypoootyl segments and, in oonjunotion with the segment results, 

add to our understanding ot the mechanisms ot plant growth. 



Bo rATERIALS AND fii.'THOll3 

I MATERIALS 

Seeds of Bitter Blue lupin (Lupinus angustifolius)were surface 

sterilised by inmersion in 1% chlorogen for 20 minuteso Following a 

two hour soak in water the seeds were planted in pots of prewashed 

vermiouli te (oourae exploded mica) and placed under continuous light 

in a growth room at a temperature of 20.,5! 1° C. The light intensity 

was 14 W/m
2 

supplied by a combination of 9~ fluorescent (Philips TLA 

80 /55) and 5}b incondescent lighto The pots were irrigated continu­

ously with water o 

Four d.83 old lupin seedlings were used in the e:xperimen t . At 

this stage the leaflets of the first leaf were protruding from th! 

lzypocotyls by 7 to 1 Omn and the hypocotyl length was 50-60nm. Se~nts 

were excised fran the portion of the hypocotyl i.nm3diately benea th the 

cotyledonso Where intact plants were used great care was exercised, in 

obtaining plants with undamaged roots . 

II ME'l'HOIS 

(A) For measuring short term growth kinetics of segmentso 

The apparatus far measuring the grorth rate of segments at minute 

intervals is described and illustrated by Penny (1969, 1971). The excis­

ed segments, measuring 20-25mn in length, were cut from inmediatel.y belotr 

the cotyledons and clamped into a chamber, containing a bathing sol­

ution, mounted on the moving stage of a microscope. Grorih of the seg­

ment was measured every minute l:lY moving the hair line on a filar 

micrometer eyepiece to a reference point on the segment. The segments 

"Were pretreated tor 2•} hours in the bathing solutl.on pumped tran a 

reservoir in a constant temperature water bath by a Watson-Marlow H. R. 

PlOW' Inducer at a rate of 35ml/minute. A desk lamp with a 4(16 tungsten 

bulb, giving a light intensity of approximately 3 W/m2 w1 thin the 

chamber, 
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was placed 15cm from the section during pretreatment and treatment 

periods. 

(B) For measuring short term growth kinetics at intact seedlings. 

The auxanometer used is described fully in the next section on 

"Developnent of Auxanometer." 

Four day old lupin seedlings w'i. th hypocotyl lengths of between 

50 and 60mm were carefully removed from the pots of exploded mica so 

that the root was undamaged. A seedling was clamped at the junction of 

h,ypocotyl and root by a holder, (Fig. 1), so that ttle seedling could be 

firmly fastened into a chamber containing a circulating bathing solution 

for the root. A thread fastened to the top of the hypocotyl, imnediate­

ly below the cotyledons, was suspended over a pulley and attached to 

a magnetic metal slug which was free to nx,ve up and down in a Philips 

},fodel PR 931 1..A/01 displacement transducer, (Fig. 2) . The displacement 

transducer was connected to a Philips Model rn 9;.09/00 carrier wave 

oscillator-demodulator which gave a linear voltage change as the seed­

ling hypocotyl increased in length and the slug descended further into 

the transducer. The resultant voltage was displayed on a Rlilips 

l ' odel B f 2433 digital voltmeter. The change in voltage over minute 

periods was recorded and directly correlated ,vi th the increase in length 

of the h,YpOcotyl during the sa.t00 time period. 

Enviromnental variables were controlled by suspending the above 

mentioned apparatus in a perspex box with i ta own regulated air supply. 

Seedlings were left under control oondi tions in the apparatus 

for a period of 3 to 4 hours for equilibration prior to any experimental 

results being recorded. 



O. DEVELOFMENT OF AUXANOMETER 

I LITERATURE SURVEY 

The foll.aring brief historical record of the development of 

equipment for measuring plant growth at short time intervals senes 

as an introduction to the methods employed in this stllf:\y. 

S tephen Hales ( 1727) described an experiment "in order 1x> find 

out the manner of growth of young shoots" , in which he marked the 

7. 

young shoot of a vine with paint at regular intervals along its length.. 

Six months later he measured the distances between the marks and found 

that the younger intern.odes had elongated more than the older "hardened" 

internodes OYer the same time interval. Sachs ( 1882) used a similar 

techniq"" to that of Hales when he subdivided the primary root ot a 

Viai.a faba seedling into 1nm sect:>rs with lines of Indian ink and, 

by a measurement 24 hours later, denx,nstrated the ditterent regions 

of root growth. Sachs was, however, interested in investigating the 

effects of factors such as li~t and temperature on plant growth. He 

realised that theae investigations were :not possible unless short-term 

groarth measurements could be obtained, and in his "Text-book of Botar\V" 

( 1874) he made 1:he follaring relevant conments. 

"In order to stu,:\y more closely the changes of growth occasioned 

by internal causes, or the dependence of these changes on external con­

ditions, it is necessary to measure the increments in short spaces or 

time such as an hour or two or three hours. In the case ot internodes 

or leaves of large plants which are growing very rapidly, as the tl.ower­

stems ~ Agave or 'the lea.vea of uaacea.e, thia can be done with a 

certain degree ot exactnesa by simple measurement with a asuring 

rod.. But tor the purpose ot more exact measurements it is more con­

venient to make use ot amall.er plants which do not grow so rapidly, 

the growth during an hour not amounting to a ndlJ1metre. or even less. 

In such cases a simple measuring-rod ia :not sutticientl.y exact. " 
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Some of the equipment designed by Sachs ( 1874, 1882) to measure 

plant growth O"Ver short time periods is outlined belowo 

(a) Aro-indicator. This apparatus (Fig 3A) was capable of 

measuring of the order of 70 - 1 OO)lm inoremen ts of growth but Sachs 

felt that the disadvantage of the necessity for an observer to con­

tinually watch the apparatus was rather large, especially if' one 

wanted to make recordings at night. 

(b) Autographic Auxanometer. This instrument overcame the 

dif'ficul.ties of the Arc-indicator by the production of a _permanent re­

cord of plant growth on the marked paper fastened to the cylinder which 

was adjusted to make exactly one revolution per hour. (Fig 3B) o Sachs 

performed numerous experiments using this apparatus and was able to 

formulate interesting and valid conclusions on the various effects of 

light and temperature on plant growth. 

(c) Cathetometer Apparatuso (Fig 30) . Sachs found this method 

D:>st satisfactory for experimental material suoh as Ph.ycomv:oes which 

obviously could not have a cotton thread attached to the sporangiophore 

rl tbout damage to the plant terial. To reduce the eff'ects of uneven 

light distribution Sachs arranged the apparatus so that the metal plate 

holding the bell- jar and plant material made one complete revolution 

per hour, at which time a measurement was made on the travelling 

microscope. 

Sacha laid firm foundation tor later abort-term plant growth 

investigations and there have been !numerable auxanometers designed 

in the succeeding years. Unfortunately many plant graarth studies have 

not utilised the most su:1 table apparatus available and corusequently 

conclusione have been unneceaaarily TagUe. At the other extreme are 

the Jll8l\Y auxano ters which. due to the faot that they were developed 

more a.a a technique than a.a an aid to definite pl.ant growth investigat­

ions, have not been used to great advantage in plant gx'Ow th research. 
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An outline of turther developnents in auxanometers since Sach' a work 

is given below o 

10. 

Bovie ( 1912) described an auxanometer in which a spring contracted 

as the plant grew. 1'hen the spring had moved a certain small distance 

it closed an electrical circuit which operated the recording pen of a 

chart recorder and reset the spring at a known distance from its contacto 

Bovie' s apparatus was capable of giving an output for each 2~ increase 

in length of the plant under inveatigationo Koningsberger (1922) de­

veloped his elaborate auxanometer fran Bovie' s model and with its 

greater precision recorded 1qt.Dn growth increments. This aunnometer 

waa very cunbersome and consequently Koningsberger himself appears 

to be the sole plant growth investigator to use the apparatus. How-

ever Ranson and Harrison ( 1955) described a very compact modification 

of Konµigsberger' s auxanometer which gave an output each 23~ of plant 

grOllfth. 

If' growth rates of plants are to be accurately resolved for time 

interva1a of leas than 5 minutes an auxanometer must be able to cope 

with growth of a variable sign as well as recording growth increments 

of 5}1111 or leas. None of the described auxanometers could meet either 

of these specifications. However Idle ( 1956) designed a contact aux­

anometer to o'tercome these problems. This auxano ter recorded grorth 

of O to 8~minute using Oo 5)lDl inar nta. A Cambridge Rocking 

icrotome stood on end served as the advancing chani of' the 

apparatus . Each plant gratrth increment of 0. 5)11l caused the paper 

tape output to be advanced by a specified distance. Every minute a 

needle punched a hole in the paper tape and then the paper was auto­

matical.lJr advanced the equiva1ent ot one growth increment. Consequent­

ly if' there •a zero or negative growth the punched ' time' holes did 

not overlap and the duration at these phases of grarth could be readily 

determined. This method, however, did not allow tor the magnitude at 

~ negatiw growth to be computed. Idle' a apparatus waa by tar the 
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most sensitive instrument designed for the atuczy- at abort term grorih 

kinetics but suffered the disadvantage of being unable to determine the 

magnitude ot a.ey negative growth during an experiment. This disadvant­

age was eliminated in the auxanometers to be described belOllt'. 

Meijer ( 1968) described a method for recording continuously 

the growth of gherkin eypocotyls. A ferromagnetic core wae suspended 

by a spring so that 1 t made contact with the top at the hypoooeyl. As 

the lzypocotyl grew the core moved through a modified displacement 

pick- up, thus changing the inductance of two coils in the pick- upo With 

the aid of a measuring bridge and chart recorder these inductance 

changes were monitored. The meaaure11:1Snts were linear for a displace­

ment ot 1nm which gave a 250mn run aoale displacement on the chart 

recorder, at which point the recorder pen switdied on a motor which 

lowered the plant 111111 and returned the pea to the beginning ot the 

scale. Hsiao et al ( 1970) developed independentl,Y an almost identical 

method ~or monitoring maize leaf elongation.. 

A eumnary at the different auxananeters and their characteristics 

is given in Table I o 

From this brief accotmt of techniques available for abort-term 

measurements at plant grarth it is apparent that relatively accurate 

methods have existed for maey years, yet fn plant·, growth studies have 

utilised the available techniques. Par example, Loomis ( 1934) studied 

the daily growth of maize with a "Home-made" auxanameter from which 

he wu able to make two-hourly measurements, but as may be expected 

his conoluaiona were vague& 

"The growth ot mai-, dependa upon a liberal water supply at the 
• 

groring point. In order of effectiwnesa such a supply is reduced and 

growth checked by (a) direot atmligbt, (b) deficient aoil moisture, 

(o) lCJ1r relative humidi\Y. The growth ot mdse drops rapidly aa the 

temperature approach.ea 10°c." 
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His experiments would have been much more valuable if he had 

used any ot the more precise auxanometers available; even a simplified 

auxanometer such as that described by Bovie ( 1915) would have enabled 

quantitative measurements to be m.aiij. Williama and Biddiscombe ( 1965) 

measuring the ef'fecte of temperature on extension growth of grass 

tillers in the field used rather primitive auxanometers to obtain their 

results but this was tlllderstanda.ble since they needed sturdy auxanometers 

which could withstand field oondi tions. However ,7 atte ( 1971) used 

similar a.uxanometera in much more exacting laboratory work where sooie 

ot the more precise auxanometers ,Toul.d have been invaluable to his 

investigations. Similarly Yl ei.nendorst and Brouwer ( 1970) ueing a 

very elaborate set-up to grow maize plants with controlled root and 

growing point temperatures, and to monitor leaf water content con­

tinuously rlth a B gauge, used a technique to measure lea£ elongation 

with 1rh:1..ch " a leaf elongation of 10cm a day could still accurately be 

subdivided into periods as short as a quarter of an hour. " Since the 

leai" would grow about 1mn in 15 minutes this would indicate that the 

technique was only able to detect accurately grOll'th changes of' the 

order of 100).Un. 

II AUXAt~lJETER - INITI.AL DEVEIDHJENT 

The auxanometer waa de"feloped and tested over a period of many 

months. Only the lll)I'e relevant details of development md construct­

ion are recorded 1n the fell.owing account. 

Construction of the auxanometer was based on the, technque de­

scribed by Meijer ( 1968) and initially a Philips PR9}14'/01 tran:tducer, 

a Philips Ii?R9309/00 carrier ware oscillator-demodulator, and a Philips 

PM 2433 digital voltmeter were procured to oonatruct an auxanometer 

ot aim:11.ar design. A 1 'N I8 current 1raa aupplied to the PR9309 which 

contains an oscillator to supply the transducer, a demodulator and 
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a variable amplifier. The output fran the PR.9309, displayed on the 

digital vol tn.?ter, is a ro signal linearly proportional to the dis­

placement of the transducer s lugo 

It was fotmd that the transducer gave a hyperbolic voltage out­

put over one part of its length, however a linear voltage response to 

regular movements of the metal slug was obtained when the slug was in­

serted further into the transducero The relationship between the 

movement of the slug in the transducer and the recorded voltage charges 

was determined with the aid of a micrometer screw gauge. The micro­

meter was roowited in an upright position and the metal slug from the 

transducer fastened on tap of the extending arm. The transducer was 

mot.mted directly above the micrometer so that the end of the metal 

slug was inserted in the transducer cavity until a reading of just 

under 4 vol ta in the linear range of the transducer was displayed on 

the digital voLtmetero Voltages were recorded from the voltmeter 

for each o. 5 millimetres that the metal slug was inserted into the 

transducer by the micrometer screw gauge for a voltage output range 

of +4 to - 4 volts. The relationship established between movements of 

the slug in thetransducer and the resultant voltage was that a 1o0;.un 

mvement of the slug resulted in a 1. 5mv voltage charge. Consequently 

when lupin h,ypocotyl growth was monitored on the apparatus each 1mV 

charge in voltage represented a growth increment o~ approximately 

o. 67.,.um. 

At first the auxano ter consisted of little more than that de­

picted in Figure 2. The chamber was set on a platform which was able 

to be readily raised or lowered. The pulley ( o) was fastened by a 

clamp from a retort stand, aa was the transducer (d) o The output from 

the transducer, after passing through the o cilla.tor-demodulator waa 

displa¥ed visually on the digital voltmeter. Trials with lupin 

iseedling8 in the apparatus showed that the eypocotyls grew at a rate 
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of approximately ~ per minute, giving a voltage charge of 30mV per 

minute on the digital voltmeter. The digital voltmeter had a selector 

for ditterent voltage ranges and to obtain satisfactory results one 

of the following ranges had to be chosen: -

+ 003999 Volts to - 003999 Volts 

+ 30999 Volts to - 3. 999 Volts 

+ 39099 Volts to - 39. 99 Volts 

Since results were required tor short-term growth kinetics the 

range chosen had to give a significant output every minute. The 39. 99 

Volt range would register a charge at 3 units in the least significant 

figure with one minutes normal grCJll'th, whereas the 3. 999 Volt range 

would register 30 units and the 0. 3999 Volt range 300 Wlits over the 

same time periodo The 39099 Volt range was obviously too insensitive , es­

pecially if the growth rate of the seedling was depressed by experimental 

conditions. The 300 tmits per minute for the 003999 Volt range proved 

to be rather cumbersane tor recording coupled with the disadvantage 

of it being necessary to intenipt recording to reset the slug in the 

transducer when the voltage went outside this range, which happened 

ever.y 15 to 20 minutes under normal growth conditions. Consequently 

the +3. 999 to -30999 Volt range was chosen as being most suitable tor 

the contemplated experiments rl th lupin seedlings. 

In contrast to M.eijer ( 1968) and Hsiao et al ( 1970) , who used 

plants growing in a solid medium, the lupin seedlings in this atu~ 

w re fastened in a specially designed chamber containing a circulat-

ing b thing solution for the roots (Pig. 2) . Slatyer (1961) demon­

strated that one must be caretul in selecting the conditions under which 

to at~ the effects of water stress on growth, since if one uaes an 

osmotic solution containing solutes that can enter the oell the water 

relations set up at the com:nencement of the experiment will not prevailo 

Consequently, unless asurementa are for a brlef period af'ter the 

imposition of stress (less 'than one hour according to Slatyer' • re-



sults), observed effects are likely to be due to water balances not 

envisaged at the beginning. For this reason it appeared advisable to 

use water as the bathing solution for the roots, rather than eoil 

which contains solutes that increase in concentration as the eoil 

clrieso For water stress investigations a non-permeable solute could 

be used readily in this type of root chamber. Another advantage of 

having the roots iumersed in a circulating solution was that root 

temperature could be m:>re readily oontrolledo 

The root chamber designed initially was of 4 millimetre thick 

perspex construction rlth internal dimensions ot ( 10 x 80 7 x 2) cent­

imetres and a oapao:ity for 155ml of solution when in operation. The 

bathing solution was circulated by a Watson-l{arlo'lr R.R. PloW' Inducer 

at a rate of approximatel:, 120ml per minute and consequently the chamber' s 

entire solution content was replaced once evecy 1. 3 minutes. In pre­

liminary w~k this chamber appeared to be ideal but with later work 

on water stress, when solutions of' Polyeteylene glycol (P. Eo G. ) 6ooo 

were used, the visooei ty of' these solutiorus doubled the time taken to 

replace the chamber contentso This was not serious when water stresa 

was imposed by the replacing ot the water with P. E. G. since the pre-

cise time when stress was imposed on the roots was visually obvious, 

due to the change in optical density of the chamber f'luid. However, 

wmn the P. E. G. waa replaced by water, the less denae water streamed 

up the sides of the chamber. Consequently mixing and remoYal ot the 

P. E. G. waa much too alatr to al.low satisf'aotory determinations of' the 

preoiae duration ot imposed atresees. Perspex batfiea were faatened 

inaide the oh.amber but although ndx:lng waa greatly enhanced it waa 

decided to conatruot a aaaller chamber. The second chamber to be 

designed cona:1...ted ot a unit ot two 8lll&ll perspex cbembera, each rl th 

i ta own independent solution inlet and outlet (Fig. 2) . Each cbad>er 



measured ( 7 x 4 x 2) centimetres with an inlet of diameter o. 6 cent­

imetres and an outlet ot 1. 0 centimetre diameter. The capacity of an 

individual chamber was 48ml and consequently, whether Po E. G. or water 

was being circulated by the peristaltic pump, replacement of chamber 

contents was accomplished within hali' a minute , mixing being greatly 

facilitated by the small size of the chamber compared to the first 

JJX>del. 

The general vibrations in the laboratory were too great to allow 

the recording of accurate growth rates for the lupin hypocotyls when 

the apparatus was on the bench top. Consequently the complete appar­

atus, apart from the digital voltm,ter, circulating pump, and reservoir, 

was placed on a square slab of concrete, approximately 12cm in thickness 

and O. 5 square metres in area, supported on large rubber bungs placed 

on the laboratory bench. This step eliminated the interference by 

random disturbances in the laboratory but highlighted the fact that the 

peristaltic pump, used to circulate the root bathing solution, vibrated 

the transducer with each pulse . This problem, after many attempts to 

remedy it, was ultimately resolved by filling the root chamber by 

gravity feed from a reservoir mounted above the auxenometer, and re­

moving the bathing solution via the perista1 tic pump baok up to the 

reservoir again, as indicated in Figure 2. This arrangement satisfact­

orily eliminated all diaturbanoea except those rare ocoaaions when 

something bumped the concrete block or those pieces o• apparatus mount­

ed on the block. 

In an effort to minimise environmental intluenoes on the auxan­

ometer the complete apparatus waa shifted to a controlled temperature 

growth room. However it was aoon discovered that whereas the temper­

ature ot the roo remained constant the hund.dity varied Ofl,r quite 

a large range in a regular cyclic manner. Although this cycling wu 

not deairable for later growth experiment• 1 t waa utilised at this 
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time to ascertain 'Whether or oot humidi1;y pla,yed a significant role 

in governing the growth rate of lupin bypocotyl tissue. A lupin seed­

ling was mounted in the auxanometer and growth rates determined whilst 

m:mitoring the relative humidity. Figure 4 shows the results of this 

investigationo It appeared that the growth rate of lupin lzypocotyls 

was very depend.en t on the relative humidity ot their environment., In 

an effort to establish whether or not this relationship was in fact 

true mre discriminatory tests were applied to the situation in terms 

of controls. To begin with the lupin seedling in the auxanometer was 

replaced by a piece of wire ot approximately the same length and dia­

meter and the experiment repeated under cycling hum:l.di ty conditions 

again. The results were graphed in Figure 5 (a) where it appears that 

the wire has expanded considerably over the meaaure41 time interval. 

However, since temperature was constant during the course of the in­

vestigation, it was concluded that the mercerised cotton used to attach 

the transducer slug to the wi.re control, or lupin hypocotyl, expanded 

and contracted with changes in relative mmd.dity., Figure 5 (b) is a 

repeat ot experiment 5 ( ) with ~ piece of wire but the mercerised 

cotton was replaced by a splDl polyester thread. The polyester thread 

proved to be much more stable under changing humidi V condi tiona and 

as a re ul t all subsequent experiments were performed with the aid or 

aplDl polyester thread. 

llI AUXANOMETER - FINAL IEVEIOIWNTS 

Those developnents outlined in the previous section were required 

to construct an apparatus capable of yielding reliable data on the 

growth of lupin eypocotyla over regular time intervals. One minute 

time interval.a 11ere chosen although the time interval could be varied 

tl aui t the observer with intervals a.a brief' as 10 seconds being quite 

teaaibleo Honver turther mdifications were made so that the tollmr-
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ing parameters could be varied independently during an experiment: -

temperature, water potential, or aeration of the root bathing solut­

ion; temperature, relative humidity, or gaseous composition of the 

air supply; composition and intensity of light i'a.lling on the lupin 

seed.lingo 

The monitoring of the environment during an experinent required 

the enclosing of the apparatus within a large chamber having its own 

regulated air supply. The design of a suitable chamber proved to be 

a rather difficult task since it was necessary to allow for the follow­

ing pieces of equipnent to pass through the chamber walls: the lead 

:from the transducer to the carrier-wave oscillator-demodulator, 'bro 

inlet and two outlet pipes to the root chamber, an air supply inlet 

and outlet, and a device for "resetting" the transducer slug when the 

voltage output was beyond the selected range (ioe. - 3. 99911 -

+3o999V) . This latter requirenent proved to be a considerable obstacle 

to the designing of a serviceable chamber. As described earlier, the 

pulley shown in Figure 2 was fastened onto a retort stand and when the 

voltage output was beyond the chosen range the pulley was reset higher 

up the stand. With careful manipulation the maximum duration of in­

terruptions to growth recordings was 3 minute o HOW"ever, if this 

environmental control chamber was to be an open ended 5-sided perspex 

box placed over the entire apparatus, the repositioning of the trans­

ducer slug would involve the removal of the box and the consequent 

upsetting ot the oontri ved environment. If the mechanism ~ raising 

the pulley had been mounted an the upper surface of the environmental 

chamber the previous problem would have been avoided but a more ser­

ious technical problem created in i ta plaoe ainoe it would have been 

impossible to et up the apparatua prior to obtaining experimental 

results. In the setting up of the apparatus for an e:r:perimmt oonsid­

erable time waa spent each time to ensure both• that the pulley was in 
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such a. position to a.llow the t l slug to descend into the transducer 

without scraping against the side, and, also that the bypoootyl '\t'. a 

directly beneath the other side of the pulley. Consequently, if the 

pulley raising necbanism was f'astened on top of the envirODID!ntal 

chamber, the absence ot opening aides on the chamber would make the 

initial adjustments required in setting up the apparatus en impossib­

ill ty. 

Pigure 6 illuatrates the manner in which the problem at a 8\litable 

(tnvironmental chamber waa finally resolved.. A perspex box with only 

tiw f'aoes el"ftd as the env.l.ronmmtal chamber (P) ith d.clea (20 x 

29. 5) and a base ot {20 x 20) The reme1nder ot the basic growth-

detecting apparatus was mounted on an ( 18 x 18)cm perspex platform 

suspended from a. ( 30 x 30) cm perspex top by four 26cm lengths of 

wooden dowel. When the lupin seedling was correctly mounted in the 

apparatUB the entire unit e-b-o-d (Fig. 6) could be lifted off the 

bench and placed over the topless perspex box, effectively forming an 

environmental eh r ot dimensions (20 x 20 x 29. S)cm. The height of 

the pulley (G), and c:onsequent]Jr the tal sltlg (D), was a4.1usted by 

means of the objeot:1 w lens racking meohard.am (F), removed from an old 

micro cope, tutened onto the lid of the environmental chamber. A 

metal rod was attached to th pulley wheel mounti.nth p sed tbrougb a 

hole in the perspex lid, and waa crewed into the base ot the moving 

bracket, which tormerl.3 held the turret tor the m1croaoope' s objective 

lonee • Thie meehanimn allowed the resetting of the tal alug in the 

tranaducer during an experiment w1 th leaa than a OM minute inten-u.pt­

ion to growth rate me aurement • 

igu:re 7 is a diagramnatic flow chart of the air supply and root 

chanlber aolution a~ly to the environmental chamber. Two gea l.inee 

were &Tailable to the apparatua, A1 end .A.2, one ot which wu connected 

to a 00mpreaaecl air aupply-. Air entered the errri.ronnlental. chamber ( C. 

Pi 7) at a rate ~ 6. 8 litres per ml.nute, allowing the chamber' air 



FIGURE 6 EnYiromaental Ohaaber. 

A Solution outlet tram root ohuiber to peristaltic pump. 

B Air outlet from emiroDIIIDtal cballber. 

C Lead tram transducer to OUTier waft oacillator-demdulator. 

D !tfetal al ug. 

E Tranaduoer aupporteci on atand. 

P Racking device to alter pulley height. 

G Pulley. 

H Spun polyeater thread. 

I Lupin eeedllng. 

J Seedling bolder. 

!C Root chamber. 

L I ooden dt,wel aupport. 

M Air 1.nlet to emiroruaental chaaber. 

N Solution inlet trom resenoir to root chaaber. 

0 Polystyrene •butter". 

P Perspex enri.rObDlf)ntal chamber. 

a-d Perspex lid. 

b-o Perapex plattorm. 
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tic nmr chart ot air auppl,y and root obeJaber 

solutio supply to the enrirormental cballber. 

Independent gaa line a. 

Val..e • 

Caa flolr meters. 

Air dehumidifying column. 

r~naak. 

C Air cooling unit. 

1,w 2,-v, Water b ths. 

T
1 
••• '1'6 Taps a l h,wing f'l.ow from either pipeline. 

P Periatal tic pump returning root bathing aolutiona to their 

respective reserwirs. 

• c. .. 

Root thing aolutiona one U1d two at teaptrature A. 

Root be.thing eolutiona ene and two at temperature B. 

n-dronmental chamber • 
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content to be completely replaced within two minuteso The other gas 

line was connected to a eanpressed supply of either oxygen, carbon 

dioxide, or nitrogen. Valves V1 and V2 controlled the rate of flow of 

either gas supply and were utilised in the production of the gaseous 

mixtures required in various experiments - eo g. 80}b co 2: 2q,& o2• 

Gas flow meters G
1 

and G
2 

enabled a oheok to be kept on flow rates 

during an experimento The settings of valves VJ and V4 determined 

the amount the air was either dried or m:>istened to achieve the 

desired relative humidity in the environmental chamber. The relative 

humidity within the chamber was calcu1ated with the aid of wet and 

dry bulb thenooimters having accuracies of to • .50°. The air was dried 

by passing through a 10an diameter glass column, 40cm in length, packed 

with a silica gel/potassium perchlorate mixture and plugged with glass 

wool at both ends. The humidifier consisted of a 'two litre flat- bot­

tomed flask ~/3 filled with water. The air supply was passed through 

the water as minute bubbles formed with the aid of two sandstone aerat­

ors of the type used in aquariums. Another nask was connected to the 

humidifier to trap excess water that overflowed or condensed in the 

outlet tube. This apparatus for controlling the relative humidity of 

the environmental chamber, although serviceable, was limited in that 

obtainable relative humidities were confined to the range 4~ to 9~ 

R.H. Consequently a more sophisticated apparatus, incorporating re­

finements such a.a refrigerated copper coils for the removal of water 

v pour, would be required tor detailed studies of R.H. levels and 

plant growth rateso 

Valves V5 and V6 determined the proportions of the air supply 

being cooled and heated to attained the required air temperature within 

the environmental chamber. The air supply was heated by passing 

through an approxi.mately 1. 2m length or 0. 5cm diameter coiled glass 

tubing immersed in a constant temperature bath ( ) • Cooling wu ach­

ieved by the air tlolling through an approximately o. 5m length of 1. 5cm 



26. 

diameter oopper tubing mneraed in iced water, contained within an in­

su1ated container (c) . Unfortunately thia ayatem wu ot little value 

in experiments designed to inwatigate the ett'ecta ot varied shoot 

temper tures on growth rate This waa due to the tact that the de-

scribed apparatus altered the telDperature of the air pasa1n.g through 

0 the system by only 4 or ,,:: • The cooling system also lowered the 

relati w humidi cy as 1rater vapour oondensed in the copper tubing. 

The temperature control apparatus did, however, aot in a buffering 

capaait;,y minimiaing temperature fluctuations in the air supply. The 

TOl of the air trea nt ~tem was necessarily lmpt to a minimum 

ao that change in the gaaeous composition ot the air supply could 

be eacuted rapidly and at determinable times. Due to this require­

mmt the 7'0lume ot air being either heated or cooled per unit t 

waa large compared to the volume ot apparatws and this diaparity prov­

ed to be too exoesaive in the described apparatus. 

An alternative and perhaps more a tiato.ctor;y design for humidity 

and temperature control, using s:1milar appar tua, i illustrated dia­

grammatically in igure a. Air would 1ni tially be caoled and 

water vapour removed by paaaing air aver coiled copper pipe• in an 

insulated dr (C). The copper pipea would contain cold water cir­

culated from an insulated re rvoir (R) ~ a peristaltic P\DI> (P). 

The oopper pipe would coiled in auch a wnner u to pre nt the 

area to the incaning air. Tho cooled, low 

h di ty, air uld then pe.aa thro a vea 1 (>.) containi ns potassium 

perchlorate, or a:ha:1lar abaorbent1 tor the urtber removal ot water 

firth.er tr ated 1t a higher 

1 t.7 waa r quired. Air would 

ratu:n, and/or higher relative 

heated by paaa1ng 1 t tbro coiled 

cop r pipea iDaeraed 1n a water th ( ) at a higher temperature T1 . 

The • 4 in b dity-

ing the air, the only mod1ticaUon being that the tlaaka would be 



FIGURE 8 iltematiw deaign ~ air auppl.y tor h1.Didit3 and temperature 

control. 

C Cooled inaulated drum. 

R ReaerYOir ot oold water. 

P Periata1tic pump. 

A Dehumi.dit'ier. 

W1 ,w2,1r3 Water batba. 

P
1 

Pipeline with low temperature/high hUllli.dity air. 

P 2 Pipeline Yi th low temperature/low hmidi ty air. 

P
3 

Pipeline with high temperature/low humidi\y air. 

Pl.. Pipeline with high temperature/high b\1111.dity air. 
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mounted in water baths of similar temperatures to the treated air. 

Pipelines P1, P2, P3, and P4 containing low temperature/high humidity, 

low temperature/low· humidity, high temperature/low humidity, and high 

temperature/high humidity air, respectively, would all join and flow 

into the environmental chamber. The illustrated valves would regulate 

the flow rates within the various pipelines to give the desired con­

ditions within the environmental chamber. 

In addition to the air treatment system Figure 7 also illustrates 

the root chamber solution supply. Valves V7 and V8 regulate the pres­

sure of supply to each of the two independent compar'bnents within the 

root chamber. The illustrated ache~ allows for the solute concentrat­

ion within either of the two compartments to be varied independently 

and consequently the possibility of comparing growth rates of two 

plants under otherwise identical environmental. conditions. Water baths 

W2 and W3 could be maintained at temperature s TA and TB so that root 

temperatures could be rapidly altered during the course of an exper­

iment. It was found necessary to enclose the root chamber with a 1cm 

thick covering of polystyrene to stop the heating of the enviromnental 

chamber' s air supply by the root chamber when root solutions at high 

temperatures ...ere used. The two-litre reservoirs contained different 

bathing solutions - e . g. 51A and S1B distilled water, 5,;_A and Sz3 

o. 25m manni tol.. The tape T1, T2 etc. allow solution to now from 

either the left or right hand pipeline but not trom both simultaneously. 

The solutions were delivered to the root chambers b:, gravity feed at 

a rate of 120ml/minute and were pumped back up to the reservoirs by 

the peristaltic pump described earlier. 

The environmental. chamber was illuai.na.ted by two qON tungsten 

bulbs placed at a distance of 20cm from apposite sides of the chamber. 

The resultant light intensity within the chamber was appro::rlmatel.y 

2 1. 3 w/m • 
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The described en"fi.romnental chamber, with its accompanying air 

and root bathing solution systelIJ3, coupled to the growth recording 

apparatus has proved itself as a viable research tool. However, the 

digital vol't:rooter has the disadvantage that data is not automatically 

recorded and oonsequentl,.y volt~es must be manua.lly recorded each 

minute during the course o:f an experi100nt. Fortunatel,.y this problem 

has been alleviated, ainoe the completion of work described in this 

thesis, by the interlacing of the digital voltmeter with a Solartron 

Data Transfer Unit (Models 3230, 3203, 3204, 3210, and 3214) and the 

recording of the output on a Tele-cype Model 545. The data transfer 

unit copes with inputs from up to 20 transducers end is capable of 

scanning at preselected intervals of between one second and two hours. 

Results may be displayed on the teletype page printer or punched onto 

pa.per tape for computer anal.yais thus oonsiderabl,.y improvi_ng the pract­

ioali ty of this method for the continuous measurement of plant elongation. 
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D. RESULTS A"'ID DISCTJSSION 

I IN'l'ROUJCTION 

The auxanometer described in the previous section as utilised 

to illustrate ite versatility and potential aa a viable research tool 

in the etudy ot plant growth. No aapeot ot plant growth wea studied 

exhaustively but, rather, the auxanometer waa used with intact 

Lupinua angustitoliua aeedlin.gs to highlight various faoeta of short 

term g:ro,rth kinetics that ~ deserve a cloaer inveatigation than they 

have receiYed up to the present time. V. bc,re poaaible experiments were 

of a similar nature to thoae conducted wi1h lupin }vpocotyl segments 

( enn;y 1969; Penny D. et al 1970, 1972; Penny P. et al 1972; 

Penny et al 1974) ao that comparieona could be made beureen the 

growth reaponaea of intact and exciaed eypocotyl tiaaue. 

The results a.re presented under a nW!lber ot aectiona, each 

corresponding to a particular type of environmental treatment aamin­

iatered to the lupin aeedlinga. 

II 'lHF. Eii'i"'S~T OF CliANGES IN RE!ATIVE HUMIDITY ON HXJ?OCOTn. EI G TION 

a) Introduction 

The ettecta ot varied relative humiditiea on abort t nn. gJ'Olrth 

kinetics have scarcely been ntioned in the literature although acme 

inveatigatora (Pa.reek et al 1969, Krlze et al 1971) haw noted marked 

etteota ot differing relatift humidity r egime• on plant growth OYer 

time intenal ot a week or more in &!ration. Krizek et al, for 

example, noted that increaaing relatift hum1diV tram l+Cf' to 

nearly doubled a le th in agerat but yet bad 16ttle effect on 

marl old cm,r a tourteen day period. 

1 thOU£h obaenationa or rela.ti ve humidi t.Y tteota on abort 

tel'll groarth ld.netica are lacking, there 1a literature published 

deacrib short term reaponaea ot atomatal aperture, tnnap1ration, 

leat water potential• ( lJI leaf), and water uptake in reapon to dlanaea 
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in relati~ humidity. Zome of these results have been included belOlf 

to act as a baaie for diaowsaion as to the possible effects of relat­

ive humid.icy change on plant elongation rates. 

Boresch (1933) noted large cycle variationa 1n transpiration 

of onion plants, under conditions of lor relative humidity, which 

he poatulated as being due to cyclic variati0l'l8 1n atoma.tal aperature. 

"Ehrler et al (1965) produced evidence supporting this theory sharing 

that under a aaturation deficit (s.D.) ot 40 mbar and full intensity 

illumination, leaf thickneae in cotton fluctuated in a cyclic mamutr 

with a period ot approximatel.y 30 minute due to cyclic variationa 

in atomatal apermre. Barra and Klepper ( 1968) aaured leaf water 

potentials ( lJI leaf) of cotton dlri.ng cyclic variations of' tranapi.r­

ation. 4' leaf values obtained ranged from -6 to l ess than - 20 bars, 

rlth the lowest ~ leaf being reached approximately 10 minutes after 

maximum tranapin.tion had occurred. Since the plants examined were 

growing 1n eith""r nutrient solution (oamotic potential 1/J s 0. 6 bars) 

or water Parra and 'Klepper poatulated the existence of an appreciable 

re iatanoe to water now within the plant which conaequentl.y oauaed the 

rate ot water loea to exceed the rate ot uptake. The jor portion ot 

this reaiatanoe waa ahown to situated in the roota and variations 

1n its magnitude during the dq being responsible tor tbe obsen d 

apontaneoua (non-induced) tranapln.tional cyoUna found in cott<m 

plant 

In ccmtrut to the }O to 60 minute period tranapirational cycling 

deacribed by Barra and lepper 1a the reported existence of tluotuationa 

in leat water balance with a period of one to 10 minute• occurring in 

an r ~ apeciee. (Sheriff and Sinclair, 1973) . The tluctuationa 

were obtained when d.ey nitrogen or carbon dioxide (S. D. approrlate]y 

22 rabar) ••• puaed through the lea.Yea. Tbeee short tera, rather 
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irregular, fluctuatione •ere not con-elated with 8J'\Y obangea in leat' 

reaiatance wt occurred only under conditiona ot high transpiration 

and relatiw].y l°" water stress. ~ince these nuctuations occurred 

1110re readily in excised rather than intact leaves, 1t appeared that 

the reaietancee in the rest of: the plant ,rere normally au1'tio1entl.y 

hi~h to keep the lea.t under enough etrees to dampen the fluctuations. 

The evidence traa theae described inveatigationa all indicate 

that plant water balance is a1'fected by relati ~ humidity ohangee, 

the aagnitude of the change appearing to depend conaiderably on 

lj) aoil. Ae the saturation defi.ci t beca:aes greater VJ lea.t falls, 

although depending on the behaviour ot etcae.ta and magnitude of 

root reaiatance etc, leaf water balance mq be restored relatively 

quickl.Jr. The relationship 'bt! tween cell ture;or pressure and 1ea.t water 

potential can be expreaeed in simple terms a.a: -

lV leaf 

41 p 

ll} a 

l\J leat 

;: ~ p .. t+J. 
= preasure potential or turgor preaau.re ( normal..1_y 

a pollitiw component). 

:: solute potential (a nP.gative component) . 

= leat water potential. 

A fall in [JI leat or two or three bar due to higher aaturation 

detici ts would invol'Ye a reduction in lJI p or two or three atmoapherea, 

ainoe ~ a appears to decrease only under eoaditiona ot high conc:entrat­

iona ot abaorbable aolutea in the root medium (Boyer 1965, 5latyer 

1961) or OTer periode or the order ot one or two da_,ya {Rut et al 

1963, Janee 1965). Green et al { 1971) found that growth reaponaea 

ot Nitella cells could be explained by the equationi-

r : (P - Y)m 

r = cellul.ar elcagat.1.on rate. 

P = turgor preaaure. 



l'. = ?!linimwa turgor pressure requi.n,d to allow grc:,W'th 

( wall yielding threshold) • 

m = wall extensibility, or nuidity. 

33. 

The effective driTinp force ror eloneJ1tio11 (n - Y) waa found to 

be aporoximately 0. 2 b,u- in 'fit,.lla and cons<'q.Jent],y elongation rate 

ia extremely senaitiv., to changes in P. Therr,fare, decrea:;es in (JI leaf, 

and consequent reductions in fr' p, co:.ieed by increaoes in uturo.tion 

deficit ah..>Ul.d reduce cellular e longe.tion. !n fact, grOfl'th Tao halted 

by a drop in ~, leaf to ap'Oroxi.m,ltely - 4 bar in sunno,~r (.boyer 1968) , 

-7 bar in maize (Acevedo Pt al 1971) 'lnd -1 2 bar in soyabean \J)O.}'er 

1970) . These val\.l!s ~ l}' leaf are a.11 rt thin th~ ranse measured by 

Barrs end Jnei,per ( 1968) dur · ng trnnspirational cycline. .Since 4/ a 

of elonva ti.nF lupin r.ypocotyls is aP">r~xir.-.atel.y - 7 . 5 bar ( ~ney et al 

1970) ~ woilld expect ~ p t l '-,e of t'-e ~n.--i· of 7 bar i .1 tur,,iil 

hypocotyle. ~c,,rev,.r , it hoe l-~en f ;und in the pre.ot'!OtTOI~ that 

when the water potential of the sol~tion bathing rapidly elong~ti.nt; 

lupin b,ypocotyl sepm,.nts is reduced from O to - 2. 5 bar (!l'irr...ire 13 e) 

growt.l-\ is halted 1t'ithin three min,rtes. These re!nuts, together with 

the Yaried l"e8P')ll8'" s obe~rTed in plant 1rat<.~r relation:s under high 

en-dronnental saturation def'icita, eu~geat that nuctuationa in 

growth rates of lupin hypocotyls are to be eX'pected to acco:apany 

aey changes in f: . D. In 1'ect, rrior to the discoYery ot the reeponae 

of mercerieed cotton to relative hu:nidit;y eh&11ges (page 1 ) , it had 

appeared that humidi ~ · played a moet 1Jn:portant role in etenaining 

growth rat a ot lupin )typocotyla (~,igure l.-) . to this fact, and 

also since eo little •orlc hed 'teen reported in thie field, lupin 

aeedlings were subjected to d.it'fering relative humidities and their 

growth reapo a recorded. 
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l>) Reeulta and Diecu•aion 

Changes of relative humid.icy nth.in the ran e ot 45 to 9q"' R. H. 

at 24° c, oorreeponding to vapour pressure deficits between 16. 2 and 

2. 9 mbar, were achieved in the described apparatus. 

,',ithin the range ot saturation deficits obtainable growth rates 

of lupin eypocotyla were only slightly altered V igure 9) . G"'nera.lly, 

growth rates were alightl,y depreeaed by increases in aa-turation deficit 

and alightly elevated by decreaaes in aa'tllration detici t . In no caaes 

were changes ot rela the humidi ey obacrved to g1 ve rise to cyclic 

Tari&t1.Jn8 in growth rate. Ha.ever, there did appear to be a "ca:npen­

aating" mechanism whereby, after the initial reaponae t '-' change ot 

relative humidi~, the growth rate tended to return to .. normal" arter 

a period of 15 to 25 minutes. The duration of this return to normal 

gr(Jll'th rates should hc:,wever be investigated further eincc it waa 

f ound that seedlings pretreated for three to four hours at saturation 

defioi ta of 11+ ~ 2 mb&r had growth rate a averaging 2(),. : lower than 

those treated for the aame time interva1 at saturation deficits ot 

5 .! 2 mbar. 

A theory to explain •1\Y lupin l\Ypocotyl elongation ia only 

slightly altered by change• 1n aaturation defici ta oould not be 

formuuted without further inveatigationa. However, two poaaible 

cauaea wldch should be ccmaidered are the rate ot air movement in 

the grolfth chamber and the water potential at the root bathing aolution. 

Und.er still air con&.tiona, change• in rel.atiw bum1dity ~ 

not attec~ plent water balance. 

Cw - Ca 
rl .. ra Sl.atyer ( 1967) Pap 248 

E = transpiration rate 

(Cw - Ca) : difference between the water Yapour concentrat&ona 



at the evapora tine surtaoea within the leaf (Cw) and 

in bulk air (Ca). 

(rl .. ra) -= the combined resistance to vapour diftuaion within the 

leat (rl) and 1n the bounda.r,y lqer (ra) . 

Under still air oonditiona, re. ia much greater than rl eo that 

even it the saturation deticit increases markledl.y, i . e . (Cw - Ca) 

increaaes, ra ma_y be sufficiently high that changea in E are negligible 

and cmaequently plant water balance would not alter aigniticantzy. 

Since the environmental chamber uaed in this a~ oontained only 12 

litres ot air when empty and the air tlow through the chamber was at a 

rate of 6. 8 litres per minute it is c0ll.81dered unlikely that the 

boundary la.Yer resistance (ra) wu exceptionally high. 

The etteot ot the water potential of the root bathing aolution 

on reaponaea of elongation to changes in saturation deficits ia likely 

to be significant. Beardisell et al ( 1973) showed tha t the relatiTe 

water content ot aqyabean leaves beoaoea aignifioantl,y different 

between plant• under saturation deficits ot 5 or 12 mbar only 

when t}' aoil 1a loir,.r than -o. 2 bar. Raechlc.e and Kuhl ( 1969) de­

monatrated that atometa in oea ma,v11 leavea did not close when the 

s. n. •aa l011rered markedl.J unleae the water potential ot the liquid 

supplying the leaves waa lowered trom O to -2 bar. Since water wa a 

used u the root bathing solution tor the lupin aeecll.inga, 1 t could 

be expected that 'ftrlationa 1n aaturation deticit would not great)3 

d'tect the I\YP<>oo\yl water potential. Co"-Pled to th1a an;y water 

deficita in the hypocotyl cauaed by higher saturation deficits would 

pro'bab)3 be rapidly replenished due to the low reaiatanoe to water 

n.o.r in auch a amall and young plant. 

The relat1onah1.p between J\Ypoootyl elongation, saturation detici t, 
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and root bathing aolution water potential can be defined only after 

further inveatigat1.ona involvin the monitoring ot }vpoeotyl water 

content, poesibly with a B gauge (r1e·ncndorst et al 1970), and 

el~ation simu.lta.neously ovflr a wider ranr,e of saturaUvn deficits 

than those ob~ined in the present st...id.', . ,hrler et al 1965) e.ntl 

Lang and Garruv..r 1970) inc a ed satura tion deficit b.t ralsing the 

air temperature from 25 to 35° C in their inve::.tigations of v.ater 

losses and uptake by plants under high saturation de icit • ha. ever, 

since effects of higher temper tures on growth rate could easily ma.ale 

aey relative humidity effec ts thi thod w not atte ted in the 

pre ent tuey . relati 1y inexpe i e thod for increasing the 

range of obtainable saturation deficits with the described auxonou:eter 

has been outlined prerloualy ( igure 8) . 

III 'llS -.::Fi'ECT CI .. Cf!AN(;J:;f, I F "qQOT T-=,.fa-:r:RAT1TH?: ON 

HY UC' 'i'YL .LONGATION 

a) Introduction 

Pemzy D. et al (1972) tound that the reaponses ot lupin hypocotyl 

elongation to changes in t pa.rature were eaeentiall,y the same as tho e 

obtained by Ray Rue ink ( 1962) with vena coleoptilea. and conse quent-

l,y concluded that cellular elongation ie limited by th'" rates of metab-

olic reacti rather than by a p:iyeical proper\)' auch •• the vi11coai ty 

oft all. H , at hi r nny D. et al ( 1972) 

ob'U&ined an unusual reault in that when the tellroerature waa decreased 

0 0 
from 32 to 27 C., tor ez.ample, there ••• a aarlcad drop in growth 

ra for about 10 tea ore a new ateady grow-th rate. very clo 

tot original rate at 32 O, 
0 aa attained. On r turn to 32 again 

there as a lred increase in rate tor 10 minutes t"ollowed by a 

return to the original. rate. 

Originally, it had been planned to duplicate the condi tiona 

in the present atudy with intact aeedlinga but, aa xplained earlier 
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(page 26), the ayatem uaed for regulating the air supply temperature 

waa only capable of coping with change a in the order of' 4 to 

0 5 C over a 10 minute interval. H 01rever, there a.re eeveral report a 

in the 11 terature on the effects ot root temperature variatioms on 

plant grawth (Neilson and Humphr.f.ea 1966), (Unger and Danielson 

1967), (Nelson 1967, ri atta 1971) . By altering the root bathing 

solution te rature reaul ta w1. th growth rates ot lupin eypoootyls 

could be readil.Y obtained and cOOlp&red with previowsly reported 

tindi a even thcu.gb moat of these concerned growth o r longer 

time interval.a. 

b) Results and Dis0W11aion 

I nitial experiments ehowed that the temperature ot the root 

chamber seriously influenced the air temperature of the environmental 

0 chamber - a 10 C rise in root chamber temperature wae accompanied 

0 
by a J+. C rise in air temperature within an hour. A polystyrene 

jacket, approximately 1 cm in thickne waa made to enclose the 

root chamber 1n an effort to minimise t perature fluctuations in 

the ennronmental chamber. Aa a oorusequence ot this insulation 

temperature changes in the environmental chamber were confined to 

+ 0 0 
- 0. 5 C tor 10 C change• in root bathing olution tempera~•• 

I n all experiments the t rature ot the air eurroundin the 

h;ypocotyl was intained at a cc:natant temperature ot 25 .t 1 ° c. 

Figure 10 illuatratee hOlf' the .rowth rate ot the hypoeotyl 

1no:reaaed, for a period ot 10 llinutes, betore retunung to the 

oriai,na]. rate w n root rature wu raiaed trom 23 to 33° o. A 

t Porar.Y drop in growth rate ot ad.miler gnitude toll ed th 

lowerin of the t perature 0 
ck to 23 c. The reeultant growth 

incre tr raiaing the temperature 20 c0
, ( 23 to 4} 0 0) , wu 



double that of the exce a obtained from the 10 c0 
rise in 

tenrpera ture. 

These r e s ·u.u ppeared to parallt!l those o~ Penny D. et al ( 1972) 

obtained when measuring the prowth rates of hypocotyl ae nt at 

te 0 ratures in excess of 27 c. F'owever, in the change from a root 

tem 0 ra.ture of 33 to 23 C the hypocotyl growth rate wo.s temporarily 

depre sed eo tor that the hypocotyl was recorded to be hrinking over 

a bri f period oft • Th validity of this result raised th poe-

eibili t t t the reflults ::ay have been lar ely influenced ry expe.n­

aion nnd contr cti:Jn within the auxonometer. 

I n order to scertain the d of any apurio effects con-

tributing t., the recorded h_ypocotyl gro th r tea the exper nt ., s 

re:pent,·d, firstly under araerabic conditiorus ("'igure 10B), 8.lld secondly 

with a six d ')ld lu::>in seedling, the hypocotyl or 1\'h.i.ch ha virtually 

cea C1 el.mp-ating (1"igure 10C). In oth experl nts, the prawth 

rate st· llati s and epreS1Siorus ere of a similar nhgflitude to 

those ot e normal rapidly 'T llllZ dlin (14'igure 10 ) . Theae 

reeult effectively precluded the poeoibili ty of the observed resulta 

bein due to e f cts of temperature on met bolic procesaes within the 

plant and cons q: ntl.y, unles lupin hypoc tyl ha•e a oef'ficient o~ 

e 

r ult 

6 ( 

th t of st me als, the ob rv 

1 n and contraction of the a11.xo 

23) owe th t the ra x root 

r ronai le t any ex ion and o 

ter. 

don t tr 

oo utio • Da he ro rtien of \ _ ers r 
er lie Ha a' , ' ( e 15), indict t the eoeft'icient of linear 

-1 ·-' sion for per pex is 7. 3 x 10 /J.J1f co - V 

a proxi tely et s r ter than th t of ta.l ince the 



FIGURE 10 Effect o't variation.a in root temperaturea on lupin bypoootyl 

p-owth ratee. 

( 1 unit = 0.67 )JIil). 

A Nonal. tour dq old aeedlJ.!lg. 

B Ncmaal tt:Nr dq old aeedl1ng under anaerobic nitrogen 

oondi t1ona. 

C Six dq old aeedl.ing. 



8 

60 

40 ' 

20 

0 

-C: 

E ..._ 
"' .... 
C: 

::J 
.......... 20 

C1> .... 0 (1) 

a: 
..c: 
~ 
0 ... 

(.!) 
20 

40 

20 

0 

33° 

. . . . . . . . . . • ... . .. .. .. .. ······ ... ···.··.: .. · ... : .. . . 

23° 

N2 
-!, . . .. . . ' . . . . .. 

• 

.. 
.... .. . . . . 

t 

33° 

.. 

. . . . • .. ,!, ... . ... ..... ..... ...... 
1' .... . . 

23° • 23° 

23° ..... .. ~1---=----------1 
·- .I. ..... 1t . · ..... 

33° . . 
. .... ·····­............. 

. 

. .... .. . 
.. ... . . . .. 

23° 

. . 
t 

40 

. .. . . 

4 

·· . 

A 
0 

... ... . . .. . . ... . . . . 

(_ 

- 20-,..------.,----·-----.r-----------------------__. 
30 60 90 1 0 1 0 

Time (min.) 



root chamber was 10. 8 0!11 in hei!'ht the total expected expansion tor 

a 10 c0 rise in temperature would be 79 )lDI- It it ia aaaumed that 

tb.e resulta obtained under anaerabic conditions (Figure 10B) and 

witb. six day old seedlinge (Figure 1cc), in response to temperature 

changes, can be regarde<1 as illuatrating the expansion and contraction 

of a pparatus alo.ae an estimate can be made of the magnitude of the 

expansion over a 10 c0 rise in temperature. Theee reeults yield an 

average of 8b \D expa.naion during a 10 c0 rise in 1:emptc'rature - a. figure 

remarkably close to that predicted trom the tllermal propertiee of 

perspex. A figure ot thia magnitude for expansion and contraction 

of the apparatus accounts tar be een 85 and 1~ of all changes in 

length previ?ualy attributed aolely to variations in growth rates ot 

lupin bypocotyls due to alterations in root temperature& (Figure 10A) . 

Kleinendorst and Brouwer ( 1970) were able to maintain ahoot 

temperatures of maize seedllnge at 25cc while the root temperature 

was altered from 20 to 5°0. During the two hours following this 

change shoot grow-th Ya.a reduced to 3~ of its former rate. Simultan­

eously lea£ water content decreased and ocnaequently the reduced grc,wth 

rate of the shoot w 1!US attributed to low tur,zor pressure arising u a 

reeult of the reduced water permeability ot the root ti&Bue at low 

tempera turea. 

Unger and Danielson { 1967) in a atudy ~ the water relatJ.ona 

and growth o beana under varied root temperature• were unable to 

lll0Bi tor gl'Olllth re.tea as accuratel.y aa Kleinendorat and Brot11rer. 

0 
l:tc:sever, with bean plant• •intained at a shoot teaperature ot 25 c, 

they ahowed a significant differen6e between the Yater wse of planta 

with root te ratures ot 32. 5, 25. 0, or 17. 5°0 and thoae rith root 

temperature of 10. 0°c . Plante with roots maintailaed at 10°0 uaed 

only 20 - 2l~ of the 8illlOUDt of water that those at 32. 5, 25. 0 or 17. 5°c 



used in one dq. 
0 Plants aubjccted to 10 C root te perature 11'ere 

not.eel to wilt severely within 30 minutes whilat alight to moderate 

wilting we.a observed in plants transferred to root temperatures ot 

15.0 or 17. 5° C even though turgidity soon returned. After one day 

0 at these root temperatures the relative turgidity of those at 10 C 
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was only 81'. as compared to valuea of between 91 and 9! tor those et 

the higher temperatw:-ee. 

Neilson ( 1967) working with cotton eeedllnga., recorded similar 

r aul ta to tho or Unger and Danielaon. In addition he noted that the 

rate ot increase in ate freah wei~t waa depreaeed by a root temperature 

of 12° C but Yirtually unaffected by root temperaturea ot 18 or 24° 0 

tor 24 hours. 

One of the tew reports at investigations on the ettecta of 

varied root temperatures on l!lhort term elongation rates is by 'atts 

(1971). atts utilised an auxanometer, capable of detectinp changee 

in rates of extension within two minut.ea, to study the reaponeea ot 

ristematio 

temperatures. In experiment• ot a aim:llar nature to those described 

in the pre t tu,:zy, with lupin edlinga, atta demonstrated tht.t 

the rate of leat elongation in planta with 

and 1~ relative humidi\y wu ra1aed only 1 

0 to 25° 0 in root te perature. 

0 oota kept at 25 C 

durin a change from 

The reeul t obtained wi 'th lupin a dlinga at varied root temp­

eraturee ccntirm the conclusion reached by Watte that root •-·-rature 

fluctuationa haw little ettect on oot elo a.tion rate• over abort 

time intervala, prori.ded th aboot ia maintained at a ccmatant t 

erature. Hoire r, it t etreaaed that atta obtained different 

resulta 1'h n the relation, humidity u drop d to and, conae ently 

in future extenai ot the described imeatig tio nth lupin 
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eeedlinga relatiTe humidiV will have t o be monitored along with 

root and shoot temperatur,,a. Aleo, in order to aimpl.ity the inter­

pretation ot resulta an attempt must be made to eliminate the etteota 

of expanaion ot the perapex root chamber. 

This problem could be avoided~ redesigning the root chamber 

to be attached by ita top to a stable platform within the environmental 

chamber. Expansion of the root chamber would then be downward• and 

conse quently would not be detected by the transducer. 

r.v '1HE EFPECT OP CHANGF.S IN THE OS!l)TI C roTENTIAL 

OF THE ROOT BA'l!i ING S0IJ1l'ION ON HIR)COTYL EIDNGA'tION. 

a) Introducti on 

There is , a considerable volume ot ll terature available on the 

eN'eota of u tnr atresa on plant gl"CJllfth ( e.g. Slatyer 1957, Jarvia and 

J arvia 196 3, Ga tea 1964, J' ane s 1966, Wardlaw 1969, Jordan 1970) • 

However, tflfl of these atudiea have involved the sampling at the relevant 

parametera at interval• ot leas than 12 to 24 hours. Conaequently the 

described awcanometer wu utilised in an attempt to describe the kinetics 

ot lupin eypoootyl growth ratea o~r much aborter time intervals. An 

anal,yaia ot the abort term growth responaea to water atreaa raq help 

to elucidate the sequence ot eventa leading to reduced growth ratea 

when the plant ia aubjeoted to water atreaa. 

The aignitioant role ot turgor preuure in cellular elongation 

haa been reoogniaed tor aam time (Thimann and Schneider 19,S, Bro,yer 

1950, Cleland 1959, Green 1968). Cleland ( 1959) and Green et al ( 1971) 

have demonatrated that cellular elongation oocura when the turgor 

preaaure (P) exoeeda a particular critical value (lliniaull yield atreu 

Y) and it ia proportional to the UIOWlt 'qy which turgor preaaure exoeeda 
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this value - i.e. (P - Y). Consequently it may be expected that small 

reductions in P , due to the imposition of water stress, ma_y stop 

growth whilst a rise in P of similar magnitude msy greatly accelerate 

the growth rate. 

It is possible that during growth inhibition, under reduced 

root bathing solution potentials, some growth processes may continue 

but yet remain unexpreased due to the low turgor pressure ( (P - Y) ~ 0). 

On the return to higher turgor preesures there would be a very rapid 

growth burst with the tissue possibly reaching the length it would 

have been, h&d it not been subjected to stress. G1'0lrth which remains 

unexpressed until the removal ot an inhibitory factor haa been termed 

• stored growth". Ray ( 1961) showed the existence of stored growth in 

Avena coleoptile segments after their removal fran mannitol solutions, 

although those segments treated with auxin did not exhibit this 

property. The results of Green et al ( 1971) with Nitella are much 

more complex but do show the existence of some stored gr<Jlfth. PenJ\Y D. 

et al ( 1972), however f'ound little evidence for stored grorth in lupin 

hypocotyl segments either in the presence or absence ot auxin. In 

this at~ it ia possible to ccnpe.re the gx-owth responses of intact 

and exciaed lupin l\vpocotyl tissue to changes in water potential, 

with a a .mpling interval ot one minute in both cues. 

b) Results and Discussion 

Hypocotyl grorih rate reaponaea to changes in the omotic pot­

ential of' the root bathing solution, ( l/1 aol), were n.ried, depending 

considerably an magnitoo.e and duration of atreaa and aleo, to a large 

extent, on the individual plant under stud;y. 

Figure II illuetrates a generalised response to changes in 

osnotic potential. hen atresa wu impoeed, grorth rates fell to a 



m1n11111n lnel, within tour to 14 minute• ( 1 in Figure II). Thie 

initial law rate waa obtained more rapidly with smaller changes in 

osmotic potential.: - tour to ae-nm minutes tor a change ot -2. 6 bar 

and 10 to 14 minutes ~ar changes between -5.J and -14.3 bar. Gl"OIFth 

rates then uaually rccCJYered slightly to reach a new atead.7 rate 

between 20 and 25 minutes after addition ot the oamoticum, (2 in 

Pigure II) . On converting the root bathing aolution back to water 

growth ratea were imnediately stimulated to reach a peak value ap­

proximately 15 minutes later, (3 in Pigure II). However, exposure 

ot the roots to a water potential ot below -11 bar tor peri.oda in 

oxceaa ot 20 minute• del.qed thia increase in src-th rate by 35 to 

75 minutes. A comparieon ot graphe a and b in Figure 12 illuatratea 

that the tiudng ot the maximwa appeare to depend more on the water 

potential than on the length ot exposure. A -14 bar atress imposed 

tor 6o minutes (a) delayed the water stimulated max1mwn 66 minutes 

longer than a -5 bar atreee imposed tor the same length ot time (b). 

Growth rates returned to original nl.uea between 35 and l+-5 minutes 

after the removal ot omaotic atreaa, (I+. in Figure II) . The growth 

burst obaerved on increasing the water potential often completely 

counteracted, or exceeded, the growth lost during the growth inhibit­

ion period in OYer 7($ ot those experiments where atresa did not 

exceed -2.6 bar (Pigure 12 o) - i.e. area ot •lf ~ area ot •a" in 

Figure II. A1 though a growth bunt ••• atill evident tolloriJ>g 

atre••• ot -5 bar, and greater, it Mftr completely ocapenaated tor 

tbe inhibition ot grc,wth during the period of streu in the experiment• 

oomuoted 1n this •tu4Y· 

In acne oaaee, growth rate• were obeerYed to cycle with a period 

ot between 50 and 80 Iii.nut.ea after the reatoration ot high water pot­

ential.a. Cycling wu more etrongly eatablillhed after low, rather 
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than high, atreuea (Figure 12). Due to the length at the c.JCling 

period and the fact that, since reaulta were manually recorded, few 

experiments exceeded three hours 1n duration, the peraiatency ot this 

cycling is unknown. 

Stomatal aperture fluctuations with a aimilar period of cycling 

have been described by a n\Dber at workers (Ehrler et al 1965, Ba?Ta 

and Klepper 1968) . Consequently an experiment••• deaigned to teat 

the a1grrl.1'ioance ot atomatal beharlour in the deaoribed cycling. 

Seed.Unga were mo'.mted in the root chamber (rigure 2) and then 

the exposed aerial portions ot the seedlings liberall,y coated with 

Shell snoir white petrolattn prior to being JIOUftted in the gro,rth 

ohuber tar an equilibration peoriod ot three to tour hours. Graph8 

a and b of Figure 13 illustrate the grorth reaponaea of two such plants 

to atreas of -2. 6 bar tor 30 and 10 minutes reapecti-.,ely. Pigure 13 c 

ia the response of an uncoated plant to atreae ot -2. 6 bar for 10 min­

utes. These reaul ta rule out the poaeibili ty ot stomata pleyi.ng ~ 

aignificant role 1n the oba ... ned growth reaponaea to changes in water 

etreaa in lupin aeedllnga. 

Grapha d and e of Figure 13 compare the responeea, ar an intact 

lupin •edling hypocotyl (d) and an excieed t\Ypoootyl aegment (e), 

tram a eeedling ot the aame age, to a 20 minute period of -2. 6 bar 

atreu. The qycllne phenomenaa and eridence of "atored gt'OW th" in 

the grorih reaponee of the intact eeedllng ie laclc1.ng in the reeponae 

o~ t.be excised aepent. Subaequent experimente with exciaed aepienta 

haw indioa ted the presence ot some • stored growth" being erldent but 

generall.y 1 t ie not ea aarad •• in the in'tact eeedl.ing (D. PenJ\Y ~ 

aonal co mioation) . Untortu.nateq, direct oompariaona between aeg-

1119Dta and intact tisaue cannot be •de a1nce no eetimatione ot the 



PICURE 1} A oompar.l110D ot nried lupin ~oVl growth rate re•J>ODlle• 

to abort exp:,aures to a root bathing solution 0SJ10tic 

potential ot -2.6 bar. 

( 1 unit = o.67 ,um). 

a and b q. dq old seecU1ngn coated with Shell snow white petrolatum. 

c and d q. dq old aeedl.i.Jlga. 

e Excieed ~otyl segment from 4- dq old eeeclli.Dg. 
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velocity and magnitude of changes in l/" cell, during changes 1n the 

08Zll0tio potential o~ the bathing solution, 1n either l!legmenta or intact 

tiaaue hae been made. H011reTer, the rapidity of the growth rate 

stimulation, •ollowing removal at mild 0BZ10tic atreu in intact 

plants, suggeata that the disca.ery ot virtuall,y in.stantaneoua 

tranamiaaiOJl of changes 1n l\fdraulic tenaion throughout detached maize 

leaves, reported by Ruchke ( 1970), can be extended to include the 

rapid tnnam:iaaion or changes in water potentia1 throughout the 

intact plant, preaumabl_y na the water continuum at the x,ylem. 

Prom their study of growth reaponaea ~ aair.e leaves to mild 

change a 1n root medium potentials, Ace•edo et a1 ( 1971) , aided by an 

auxanometer aimilar to that utiliaed in this atud,,y, haft published 

.reaulta cloael_y paralleling those obtained with lupin seedllnga and 

generalised in Figure II. They obtained a ctecreaae in l eaf growth 

rate when the osmotic potential of the root medium ( If sol) waa 

lor;ered below -1 . 0 bar. Unfortunately, Acevedo et al graphicallJ' 

preaent.ed their results aa total growth curves rather than u growth 

rates. Conaequently, although they report a alight reccm,ey, of leat 

groirth rates t'olloring tba initial decrease, due to imposed atreaa, 

the preciee t1w1ng o~ this reccwer,y cannot be determined, but 1 t 

appears to occur 20 to 25 a:l.nutea atter the imposition of st.reaa aa 

WU tound wi tb lupin J\Ypocot.)rla ( 2 in Pigure II). 

Acevedo et al auggeated that thia growth recCJYer,y mq have 

been due to ad.Jw,tment in either atenaibility or cell solutes. 

Work by Slatyer ( 1961) and Janea ( 1966) indicate• that oamotio adjust­

ment in planta a11bjected to atreaa 1a large~ achie~d within 24 hours 

but that little change could be expected rlthin two hours. Since the 

growth rate adjustment observed tor lupin bypocotyla and mair.e operate• 

onr a lll\lCh aborter time interval it ia unUlcel_y that &J'\Y oamotic 
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adjustment ia contributing to thia increaaed growth rate. The time 

int.erval involved suggests the meobanim in operation may be similar 

t o that in Nitella (Green et al 1971), in which reductions of turgar 

pressure ( P) were compensated by decree.sea in Y (minimta yi.eld atreea) 

within 15 minutes of the imposition of atrel'l5. Ha,reTer, the time 

dependence of' the lowering at Y (2.4 atmoapheree/hour) evident in 

the results of Green et al is not apparent in the lupin eypocotyl 

responses (Figure 12), but, aince turgor pressure cannot presently be 

monitored in the intact or exalaed }vpocotyl, the precise mechaniam 

1n operation cannot be determined. 

The grOIVth DJ.tst obeerved on the release ot mi.ld stress (3 in 

Figure II) is similar to that described by /,cewdo et al ( 1971) with 

maize leaves, ~en e t al ( 1971) rlth Nitell.a, and by Grenetz and List 

( 1973) with maize roots. Green et a1 attributed this gDOw\th burst 

to a sudden increaee in P , with a consequent increase in the elongat­

ion driving f'orce, (P - Y). Subsequent atrain-hardening raised Y so 

that grairth rates returned to pre-strese le-vela ( 4 in Pigure II) . 

The imposition of' higher stresses do not continue indef'inttely 

to lower Y, aa ia obae?"Yed during mi1d stress, Y haring a m1n1mnm value 

of approximately tso atmosphere a in Ni tella ( Green et al 1971). Thia 

phenanenon could account for the tact that the growth bunt tollow1ng 

releaae tram atreaa in exceaa ot 2.6 bar newr C011p8DU.ted tar the 

grorih inhibition during the impoaition ot atreu. In cc::apariaon, 

the growth burat tolloring rewatering tull,Y caapenaatea tor the 

prerloua inhibition ot maize leat growth when atreea perioda are mild 

(-2.0 bar) and abort (AceTedo et al 1971). 

The long lag between l"ftatering and grort.b at1wal•t1on tol.loring 

\.V eol nluea of' leu than -'11 'bar, iapoeed tor perioda in exceaa of' 

20 Jlinutea (Figure 12), aq ari• aa a reault ot the regaining of' 
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turgor by pla.stWl.ysed tissues, a procese which ma_y mask tho~ proceaisea 

operative following more mild stresses. A procens ot this nature mq 

account for the higher amplitude cycling tolloring release rran low 

atresa as caapared to high s tress (Pigure 12). Cycling ia not re­

corded in the parallel at-ooy oo maize leaf' grm'th (Acevedo et al 1971) • 

.:>ane evidence of cycling is aho9tn in the resul ta or Gr<-en et al ( 1971) 

with :dtella, when turs>r pre88ure wu increaaed by 2. 6 atmoapherea, 

but it ia unmentioned in their diaCWJaion. The cycling indicates the 

operation ot a feedback medlanism, especially aince the amplitude ot 

the oacill.ationa appeared to decrease with time (F igure 13). Further 

atudiea could include the investigation ot the incorporation of' cell 

wall material. into the wall during periods or recOYery t'rca mild atreaa. 

Al though these Tater stress studiee with lupin seedlings lave 

left maey detaile unrea :>lved, the results suprort the c.id.ime of 

Acevedo et al ( 1971) and Hsiao ( 1973) that, due to the een.aitivity 

and :immediate response or plant elongation to change• 1n water atatws, 

many ot' the reported metabolic changes caused by water atreaa ~ arise 

indirectl,y aa a result ot' reduced grOl!'th, rather than vice versa. 

V THE EFFF£T OP AN ANA.!-ROBIC NITROGEH 

ATI_ SfflERE ON HlR)CO'l'fL ElafGATION. 

a) Introduction 

In order to aacertain the dependence ot oellnl•r elongation upon 

the anabolic react1ana occurring within the cell there ia a need 

to stuey ahort term plant grall"th ldnetice under anaerobic condiUona. 

Peim.Y D. et al ( 1972) have shown that under anaerobic conditions, 

obtained~ the utilleation ot a nitrogen atmoaphere and nitrogen 

• urated1' growth mdium, IAA induced growth in lupin hypocotyl acgaenta 
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ia el1minated although part ot tile endogenoua 0011ponent ot gl'Olfth 

oontinuea. Pollori.ng a 40 minute period ot anaerobic cond!Uona the 

inhibition ot the I.lA induced growth waa reversed by aeration. the 

growth rate returning to normal within 10 minutes. l ith the deacribed 

auxanometer and environmental chamber it proved relatively eaJ\Y to 

duplicate theee contlitiona tor lupin eeedlinga and ccnaequentl,y to 

compare the grc,wth responaea ot intact and excised hypoco1;;yl tiaauie. 

The root bathing medium had a atream ot "o~gen-tree .. nitrogen 

( lesa than 10 ppa oxygen) bubbling thro~ 1 t and the air aupp~ 

the enrlronz::ienta.1 chamber waa replaced by Di trogon. 

b) Rosul.ta and DisauaaioD 

Crowth rate• ot lupin bypocotyls began to decline w1 thin 5 to 

10 minutes after changing to a nitrogen atmoaphere. They declined 

during a 20 to 30 minute time interval to reach a oonatant rate ot 

between 5 and 1~ ot the normal. Harriaon ( 1965) • utiliaing an 

aunncmeter capable of detecting 23 ,,an increment• 1n growth, obtained 

aimilar reaul ta w1 th Ayepa coleoptilea under a n1 trogen atmollphere. 

Ayena coleoptile UoWth rates began to decrease after f'iw to 10 

minutes and reached a conatant rate, 1~ ot the original, after 25 

minutes. 

Studies were made ot lupin aeedl.inp a\lbjected to anaerobic 

nitrogen conditions tor period.a ot between 10 and 60 ainutea. In 

each cue reveraal of the growth inhibition••• obtained when aerobio 

oondi t1ona were reatond, the growth rate increuiJla within one to two 

minute• after the int.Toduotion or air. A rapid 'burat ot growth occurring 

between 20 and Z.O minute• after the reat.aption ot aerobic oon41t1cma 

often equalled 1n magnttuda tm preceMng nitroaen-induced ilmibition 

ot growth. 1th an ..-robio per1ocl ot 20 ainutea the p-orth 1Dhib1ticm 
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was virtually always oompletely compensated for by the aerobic ~ 

burst (Pigure 14, Table II). Por anae robic conditions of between 30 

and 60 minutes this growth burst wsually failed to fully compenaate 

tor the growth inhibition (Table ll , Figure 15). Figure 16 illu.atratea 

that the~ inhibition by nitrogen for periods in excess or 20 

minutes waa more completely canpenaa t ed for by changing to pure ~gen 

rather than to air. 

It ,raa noted that recowry of growth rates tended to occur in two 

}ilaeea toll.awing nitrogen inhib:iUon. The first phue reached a peak 

at an a-.er~ time ot approximl.tely nine minutes after aeration had 

begtm (peak A in F'igure 17 and Pigure 18, Table II). Thia tirat phaae 

waa aaaetimea only rep-eaented by an inflection in growth acceleration 

(Figure 18a), or a short period ot constant gro..th rate (F igure 18b), 

or l::tY a definite peak in growth rate (Figure 18c). The eecond pha ae 

canaiated of a ateaey rise in growth rates to a peak at an aftrage time 

ot approximatel,7 28 minutes after conaencement ot aeration ( peak D in 

Figure 17 and Pigure 18, Table II). The finding that inhibition ot 

oxidative phoaphorylation, l::tY anaerobic nitrogen conditions, leada to 

a rapid inhibition ot elongation in intact lupin eypocovls haa al.so 

been de110natrated to occur in lupin b_ypocotyl eegmnta, \Dier aiailar 

cc:mditiona, (Pemv D. et al 1972) and in wheat coleoptlle segments 

ezpoaed to cyanide ( Gillbank 1971, Gill.bank et al 1972). Doerachug 

and Chriapeela ( 1970) eftectiftl,7 deaonatrated that inhibitiona ot 

oxidatiw phoaphorylation caaplete:13' inhibit the aecretion ot i\,ydro­

xyproline - rich proteina traa tbe cytoplum into the cell wall. The 

erldence tcr •atored growth• oocurring in lupin !v},ocotyla under anaerobic 

Ditrogen ccnditiona (Pigurea 14. 16 and 18) indicate• that certain 

growth proceuea av oc:ntinue in the presence ot n1 trogen yet remain 

unexpreaaed until the reetoration or aerobic condit1ana. Aasuaing that 



FIGURE 15 The erteot ot a 40 minute period ot anaerobic nitrogen 

conditions on lupin bypocotyl growth rates. 
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}urpooot,Yl growth ratea. ( 1 unit = 0. 67 )Ull) • 
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of lupin hypocotyl growth rates during and after anaerobic 
nitrogen cond itions. 

TABLE II 

~ compari s on cf s ome features of lupi n hypocotyl growth 
rates during and af t er anaer0bic nitrogen conditicns in 
J ifferent experirr.ents. (Letters r efer to the fi gure above). 

Durc:,ticn of Time of peak A Time of peak D Area of t y t 

N 2 t:eatment (minutes after (minutes after compared t o 
( ranute s ) addition of additicn cf area of 'x' 

air) air) 
20 11 29 = 
20 8 27 = 
20 10 27 > 
20 9 25 = 
30 8 28 < 
30 9 30 <.. 

I 
30 12 28 = 
30 10 30 < I 40 9 31 < 
40 8 27 < 

N2 -t 02 

30 6 25 = 
30 5 23 = 

I 
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growth has been decreased due to inhibition of the secretion of proteins 

into the wall, as suggested by Doerschug and Chrispeels, this "stored 

growth" maJ' arise as a r esult or the build up ot growth protein during 

the anaerobic period which remains within the ~oplasm until oxidative 

phosphor.ylation is operative once again. 

The observati.on at "stored grar:th., in wheat coleoptile segments 

during exposure to cyanide for periods of between 10 and 30 minutes. 

(Gillbank 1971, Gillbenk et al 1972) would support such a theory. 

The data or Figure 15 and Table II, however, indicate that the 

growth burst •on 1ng exposures to nitrogen in exceea ot 30 minute 

doea not f'ul.l3 compensate for the inhibition during anaerobic conditions. 

The existence ot a similar phenomenon in wheat coleoptile ee~nta 

cannot be ascertained ainoe p.ibliahed reaul. ts include growth reeponsea 

to cyanide exposures of 30 minutes or leas in duration (Gillbank 1971, 

Gillbank et al 1972). The lupin 1\Ypocotyl results indicate that anaerobic 

conditions must eventually inhibit other grorlh limiting reactions, 

perhaps actual protein ayntheais. 

Since the grorth burst occurs in two phases (peaks A and D ot 

Figures 17 and 18) it is probable that there are two distinct pr-oceaaea 

occurr1.ng on the restoration of aerobic condi tiona. Such a response 

is not apparent in the published results with wheat coleoptile segments, 

but thi mq be due to the thoda emplt\fed in the obtain1 ng or gt"Olfth 

rate aaurements. Data tor th relevant grapha publiahed llY ~illbank 

( 1971) and Gillbank et al ( 1972) waa obtained l:&)' aeasuring the length 

ot ten egmenta. threaded together cm a eylon line, at 10 minute int.ervala. 

'1he re ulta were presented a groarth rate/ae t/minute. I£ the lupin 

l\Ypocotyl growth rates (Pigure 18) had been obtained and plotted in a 



aiailar manner the double g:roarth reapon.eo would haft remained un­

detected. 

60. 

Until more cliapoatio experiment• are pert'onied AD¥ attempt• to 

explain the origin ot' the double gn,wth reapcllM JDUBt be highly apeculat­

ive. An l\}tpotheaie bued on the modal, explaildng the kinetic• ot cell 

elongation in lupin eypoootyla, propoaed by PeJU\Y et al (1970) ia brietl,y 

outlined 'belolr. 

The initit.l. grorlb reaponae ( A, 11gurea 17 and 18) oould be due 

to the tranaport ot accumulated • Growth Protein• to the wall, wbilat ti. 

aecond gra.th burat (D, f igure• 17 and 18) -., occur tbrougb at1w1Jeted 

prot.in syntheaia ariain£ a.a a result or t!» depletion ot the • Potentially 

Aotiw ?rotein" pool during the anuro.t.o oonditiona. A neptiw t•4-

back ID9chellism, a:hd lar to that poatulated ror a.wd.n atimulated grorl:h, 

woul.d be required t o reduce the rate ot protein ayntheaia to explain 

the r e turn to normal growth rat~• tollor!ng the growth burat (:ligure 18). 

It bu been demonatrated that cyoloheumide doe• DOt inhibit 

protein secretion trom the eytoplula into the cell wall (Doerachug an4 

Chriapeela 1970), yet it 1nh1b1 ta protein "1Jltho&1ia in lupin l\Ypooo\yla 

within three to nine minutes (Penny 1971). Oonaequiently, th1a propoMd 

eypotbeeia could be teated b7 a aerie• ot experiment• in which ~clo­

hexamicle ia adadrd.atared, during anaerobic conditiom, at nrioua tiaea 

irior to the return to urobio cond1 tiona. Such a aerie• ot e.xperianta 

mq determ:l.De the relatin contrilNticma ot protein •oretion and 

a,ntheeia to the obaerwd growth burat. 

The growth reapcmae• or lupin tvpoootyla to anaerobic condiUona, 

naeor&td in thia atu,;\y, haft been interpreted u ariaing u a Nault ot 

diNe t ettect• on cellular srowth proceaaee. H011Jever, it ia iJl;partant 

to real1• that the whole aeedl.ing i• atteotod by the b;,oaed con-



di tione a.n4 oonaequen:tly the obMned growth reaponaea 001al4 haw 

arieen u a result ot prior inhibition ot more aenaitd.w •tabolic 

proce•ae•. Par example, l"i illey ( 1970) baa l!lbom that water upta.Ja 

by roots eu'bject.ed to anaerobic conditiona tor six houra ta decreued 

b;y 501, or more and that aeration reaulta in a rapid recoftl'J' otwater 

uptake. Ohangea in water uptake ot thia aagnitude could aerioualy 

atteot hypocotyl elongation ratee. Altho the ettecta cl ecr.1.'bed 

'by I illey oocur o-r a time interval ot • t leut two hours, and are 

unlialy to haw contribu aubatantially to the re•ult recordad 

for lupin h1J)OOO'tyla, they · 1*>118trate that oona:lclera'ble caution .,..t 

be xeroieed 'betore ol.a1m1n,g that ntaulu o tdDed ritb intact eee411nga 

oa.n be directly applied at the cellular level. 

VI fflE RFFECT OP VA'RDD O.ARBON DlDXI!E CO CEN.l'RAT1053 

ON UJPIN BnOCOflL EI.ON TION 

a) Introduction 

The efteota ot carbon clioxidJ on cellular elo t.ton had been 

little inw11tige.1:ed prior to 1971 when the experiment• acribed in 

th1a atui,\y were pertomed. The deciaion to inffat1.gate the ett ota ot 

car n dioxide on lupin hypooot7l elongation waa timulated by the 

find.in pu l1ahed 'by Harrison in 1965. 

Harrison utlliaed an aunnamter, capable o"f detecting 23 )111 

incren,nta in gl"GlrtJa. to aonitor AUM ooleoptile elongation un4er a 

Tari.et,., of oarlkm clioxi canoentratiaoa. ather irregular re•ulta 

were obtaille<l w1 cu-bc:lll cU.od.cle concentrationa or 1,e.,..n 1 aD4 

arowt rate• cblr1q e1tbc- .Usitl.Y etiJml.ated or inhi'b1tecl in ua 

un,re(iiota'bl.e aanner. Hanwr, oonoent.ratl(>lla of carbon dio:dde 1n 

• 
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exceea of 1 ~ aUm.tlated a marked increaN in coleoptile elongati on 

rate• whidl reached a maxiaD in 20 to 60 minutee. The rate ot 

elongation then decreued over the next 1-! to 12 hours, depending 

upon the concentration uaed, to a ftry 1011' but comtant rate. 

Since the completion ot the experiment. with lupin aeedlinga 

aeveral account• of carbon dioxide ettecta on elongation have been 

publiahed (R~le and Cleland 1970, E'f'ana et al 1971, Hager et al 

1971, Pope and Black 1972, Barkley and Leopold 1973.) Thia publlahed 

work hae o0ncentrated on atte"IIPtini to diatinguiah the relationahip 

between the acid, carbon dioxide, and auxin ettecte on cellular elong­

ation. A• a oonaequence ot thia intereat in carbon dioxide atimulated 

growth, the result• obtained with lupin l\Ypoco't;,Yla will be related to 

these recently published reporta wherever applicable. 

b) Reaulta and Di11Clae1on 

Lupin b,Ypocotyl growth waa stimulated within one minute ot 

treatment with carbon dioxide 1n ooncentrationa ot between 10 and 

10(1. R-.yle and Cleland ( 1970), u.aing Avena coleoptile aegmenta, and 

Barkle7 and Leopold (1973), with pea atem eeRJD9nta, reported a time 

lag ot the .... ma,ni tude when CO 
2 

aturated aolutioua were introdu.ced 

to tbe M&JDl!ID ta. 

Pigure 19 illuatratea the reaponae ot lup1n l\Jpocotyl elonption 

to 1oq-; co 2. A aax1ma rate, ot between J+. 5 and 7 tillea the uanitude 

ot the normal crowth rate, wu reached tour to tiw llinutea after the 

change to 00 2• Thie M:d.,. rate wu not ll&intained howe'f'er, and growth 

ratea tell in an exponential 1111Mer during the toll.ow1ng 25 to }5 

llinutea to reach a ooutant rate 25 to }!r the orlainal aerobic groarth 

rate. Rqle and Clelan4 ( 1970) and Barkley and Leopold ( 1973) obtained 

the uxhmm rate within five to anen ain\ltea, with 4wna coleoptile 



and pea atem aegmenta ntapectively. 

A poaaible explanation tor the growth atimulation and exponential 

decline ariain~ aa a result ot treatment with 100'
4 

00
2

, ia that the 

co2 acts on a growth precuraar Yi.thin the cell, cauaing it to be 

utilised very rapidly although aimultaneoualy inhibiting its continued 

ayntheeia. The growth reaponee obtained 1a very similar to that obtained 

by PefU\Y ( 1 '71) when cyolohexomi.da ( a protein ayntheaia inhibitor) 

wae added to lupin hypocotyl aegmenta 10 minutes after treatment 

with indolyl-.}-acetic acid (IM) bad camenoed. The ooncluaion, ariaing 

from these inveatigationa with IM and cyolohexemide, waa that the 

1ni tial growth reaponaea to auxin do not require protein ayntheaia, 

but continued auxin action depends on the existing pool ot g:rowth-

limi ting proteins ( G. L. ?. ) which ia rapidly depleted, ccm.eequently 

creating a requirement tor continued protein ayntheaia to awstain el­

ongation. 

In order to detenidne whether or not thia growth at1aalation by 

co2 ••• dependent upon prior aerobic proceaaea growth waa inhibited by 

40 111.nutea ot anaerobic n1 trogen condi tiona. Figure 20 illustrate• how 

the growth rate wu dramatically iJlcrea.aed by the introduction ot the 

co2• The rate ot decrea .. ot bypocotyl elongation, tollorina the 

TMx1mn rate at tiw minutes, wu identical to the rate calculated tor 

the a.ir to co2 treatment (Figures 19 an4 20, Table m). H011feffr, the 

magnitude ot the growth atillul.ation by 002 tollariJJg anaerobic nitrogen 

pntreat.ment tor l.D minute• wu only 6<J' ot that obta1ned following 

nonal aerobic oonditiona. Thie Nault would tend to aupport the 

theo17 that co2 93 act on a growth precureor in the cell that require• 

reapiratory energy tor ite oontin\lllld production. Hos-eftr, more detinitift 

experillenta need to be pertaraed, utiliaing varied anaerobic nitrogen 
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pretreatment period•, to obtain more subetantial evidence. One 

important feature that deserTes clo r attention in the tuture ia 

that the tinal atea_(\y gra.rth rate under anaerobic 00
2 

oonditiona ia 

higher than the anaerobic nitrogen growth rate immediately preceding 

the 00
2 

treatment (Figure 20). 

Since pretreatment with nitrogen decreaeed the magnitude ot the 

growth reeporuie to 002, it wae decided to c pare this with a eimilar 

pretreatment period in pure oxygen. The reeponee ot lupin hypocotyl 

growth ratee to pure oy;y n waa not very marked. Gfo,nerally there wu 

a light stimulation in growth rates tor tiff to 10 minutes followed 

by a change to a steady growth rate of between O and 2 ,., higher than 

the original growth rat.e. On affraf!e, gr<J1rth rates in pure oxygen 

..-ere 15f higher than th!!! rate attained in air. Harrison ( 1965) sampling 

Avena coleoptile growth at t"ive minute intervals detected • 1cr.: rise ot 

growth rates in Olcy'gen aa 0011pared to ratea in air. 

The results ot co2 trea nt f'ollowing a 40 minute pretreatmnt 

in pure o~gen are not aignitioantly diN'erent tran those obtained with 

pretreatment in air (Pigure 19 and 21, Table III) . 

The rea•..ilt ot treating lupin edlinge with B<r CO/ o2 

( .. i~e 22) waa a aignitioant but reduced initial growth reaponae, 

approximately 7 of' that achiewd with 1 

ot decline ot growth rate wu conaiderabl.y lower than that in pure 

co2 (Pigurea 19 and 22, Table III), even t.hough the final growth rat 

waa not aign:lficantly high r than in pure CO 2• Reaul t w1 th. l~ r 

concentrations ot 002 nerall,y abotred le • inhibitory ettecta ot co2 

on tinal growth ratea. Pi 2, natratea that tollorin the initial 

2i told inc:nue in oath rate and aubeequent c1ecllne, induced 't\J' 1 

002 in air, the final ateady growth rate nearl.J equale the initial rate 



PIGURE 2Q Carbon dioxide at1waleted grorth following a ltO Id.Dute 

pretreataant ot anaerobio nitrogen. 

( 1 unit = 0.67 }Ill) . 

FIGURE 21 Carbon dioxide at1malate4 grorth following a ~ minute 

pretreatment with 1~ oqgen. 

( 1 unit • 0. 67 ,-). 
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TnBIL III 

~ comparison of the exponential equationo describing the decrease 

in lupin h.,rpocotyl grorih ratee following their initial stimulation by 

variows concentrations ot carbon dioxide. 

General exponential equation& y 1 ae -bx 

Type ot Value ot Value ot Correlation Figure 
Treat.cent a b Coef'ticient !lumber 

100: 002 165. 7 0.111 0.986 1'.L 

100 002 1,a.a 0.112 0.995 N. L 

1~- 002 1}7•7 0.117 0.996 19 

1oq-.. 002 14-5. 5 0.1(]7 0.996 N.L 

N2 J+0 llin. ~ 1 oq:' co2 84.4. 0.116 o.m 20 

0 
2 

lt0 min. ~ 100; , CO 
2 

125.0 0. 121 0.996 21 

20' 02 : Bat 002 1~} 0.050 o.m 22 

2q 02 I Sq,:.002 104.9 0.046 0.990 N.L 

6 dq plant 1~ co2 72.0 0.081 0.991 28 

N. L Not illustrated 1n thia tbeaia. 

All plant• were t~ dq old lupin aeedlinga aaiDt&ined 1n air 

prior to the deaaribed treatmnta unleu otberwlae in41cate4. 
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in air. In all experiments i .nwlvinp.- t reatment with 10qt 00
2

, growth 

rates ,rere equal to, or lower than, the a robic growth rate within 

25 Jlinutes or oo ncing 00 
2 

tre•tment. This time period is coneider­

abl.y shorter than the 40 - 80 minute reported by Rayle and Cleland 

( 1970) with reapect to Aygna coleoptile aegmenta immereed 1n solutions 

saturated with 1oq,; 00
2

• 'l'he evidence tro these experimente, end 

eapeciall,y that of continuows trea nt with 80f., C0,/2 o2 (F'igure 

22) augg ats that there is a apecitic 00
2 

inhibitory effect on growth 

that cannot be reversed by presence ot oxygen, ai.nce the final atead3 

growth nte in 8 C0,/2ff'.i o2 is the aame as in 1oq ; co2• The nature 

and time of coanence nt of thie inhibitory effect cannot presently be 

detemined. 

Since eroiwth rates ot lupin hypcotyls were suppreaaed by 002 

at concentratione 1n exceaa of 1q~ for period• of 25 minutes or more 

in duration the eft'ecta ot a return to aerobic conditions were studied. 

ffarri on ( 1965) found tha t a return to air following 12 hours in co2 

caused a stimulation ot Avena coleoptile grc,wth retee onl,y after ex-

po ure for several hours, at which time rate rose slowly during the 

following 24 hour , to N&Ch a ateady rate lc,wer than the original. 

Figure 24 illwatratea the ettect ot a 60 minut e period or 1~ 002 

tollowed by a chan to air. The change to air caused an innediate 

reduction 1n }zypocotyl grc.th ra a to reach a mi.nitm.nl ra.te tour to 

e1x minutes later. I n thi partioul r • the hypocotyl ahr&nk tar 

30 to 3 5 minute • though a cbanae from CO 2 to air alwqa o uae4 

a ked reduction in l\Y.P(>cotyl growth rate tollowing co2 treatment• 

t two to 60 llinutea in duration, aotual ahrinbge ot hJpoootyl 

waa only recorded toll t in exoeu ot 20 minutea. 

Pi 25 illuetratea that exposure to air t"ollowing a 10 nute treat.-

tot co
2 

etill rapidl,y lowera the h.Jpocotyl growth rate bu.t that 
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there is no ahrinkage recorded. A comparieon of Pigurea 19 and 25 

rnea.l• that the restoration ot aerobic conditions tollOlfing a 10 

minute treatment ot 1oq: 002 reduces the growth rate to a value lower 

than the original aerobic rate within two minute• ( Figure 25) whereaa 

continuoua co2 treatment talms at leaat a furtbrr eight mi.nut.ea to 

reduce the gr01rth rate to a aimilar level (Figure 19). 

"'uch ot the mart" recent reaearoh on the co
2 

effect he.a in~lved 

growth etimulation by a. co2-pulee rather than continuow, expoaure to 

Co2 (Enna et al 1971, Barkley and Leopold 1973). None ot these 

~liahed reeulta ehowr 8l\Y inhibitory eftecta of a change trom co
2 

to urobio oondi tiona. F.vana et al ( 1971) utilieed a three minute 

pulse of co2 - eaturated water f'olloll'ed by o
2 

- eeturnted water to 

obtain grarth atiau1At1ons in Avept coleoptile ae~nt11. Due to 

their method of preeentation ot ree.uta, ( total erawth rather than 

growth rate), it ie difficult to direot].y eanpare res'Jlta. H011'ever, 

it appeare that a Tery high elongation rate wae maintained tor approx­

imately 15 to 18 minutes and then dropped abruptly OTer a 10 minute 

period to read\ a atable rate equi•alent t o the initial aerobio rate. 

A aiailar ezperimant .... pertcraed with lupin eeedlinga and a. two 

minute pf&l.ae ~ co2 wu adminiatered. The general ld.netica -,.ere 

•iailar to thoee tor a 10 ainute co2 - pulae (Figure 25) except that 

N:dmm IJ'Olrth atiwtlation oocurre4 at two ainutea and••• onJ.y 7~ 

~ that aahiewcl \lllder oontinuows 002 due to the inhibitory ettect 

~ t.ba abang. back to aerobic oondittona. 

Valid atteapta to explain the growth rate inttibitiona, ariaing 

•• a reault ot return to uroblc canditiona 1n t:bia atuct, with intact 

lupin 1'Jpoootyla, cunot be ..a. without further reaearch. Ho,rewr, 

two faoton that 111¥ &taerw oloaer attention are oompariaona or 
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FIGURE 23 Lupin hypocotyl growth rates in an atmoapbere ot 10' CO/ 

90' air. 

(1 unit : 0.67;,ua). 
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ditfuaion rates of 002 in e nt and intact plant atudiea, and the 

poaai'ble role ot ato ta in ob ned growth reaponaea. 

It ia apparent that the dittuaion of 002 in the gaaeoua atate 

will be more rapid than when transported in aolution aa 1a required in 

tudiee involrlng ae nta. 

Since increases in co2 ccmcentrationa initiate stomatal oloaure 

there ia a poaaibillty that reduced tranapirational water lose, due 

to atanat&l oloaure during co2 trea • 11183 al r aeedling water 

_atatua autf'iciently to att'ect growth ratea. Since rapid growth 

reaponaea to 002 haw been obaerwd in • nta imDllraed in aolutiona 

(Rvana et al 1971, Barkley and Leopold 1973) • and cyolic variationa in 

growth oan ariee independently ot atcnatal mow nt (aee ann.itol re­

aul ta)• it ia unlikely that the growth reaponaea to 002 in lupin 

eedlinga occur aa a. re w.t ot changea in tomatal apertw·e. H011rewr, 

the D\D r of atomata on the lupin aeedlinga and their poaaible oontrib­

ution to growth reapcmaea ahoul4 be eftluated betare the deacribed 

g1'0Vth phenomena are attributed aol l,y to 002 effect• on growth pro­

oea••• 

Following the growt,b inhibition oawsed ~ air, p-o,rth ratea alowly 

riae to rea pre-002 gn,wth rate in tiaea Yarying fro 40 ainut.ea 

to 80 llinutea atter the CDU\ae to aerobic ocnd1 tiona. Return to aerobic 

conditiona following all treataanta of 1 . 002 ( two to 60 111,1,61."'-• in 

duration) initiated a qyolina ot p-owth ratea, al.tha\lah thla reapou 

waa ot appuent until 1n1tial b1 tor., ettecta of air bad 

ceaaed. The qyoUna had a period ot appro:dllatel.y 70 ainute and 

diminished in uplit with tiat. The u:1 ....... - ot thie oyoUng. 

in 

me am.• 'being in 

002 to air, 1• widen tar a. poaaiba tiNdbaCk 

ration, perhaps aiailar in natunt to that o tained 
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practically and in computer aimulationa of !AA et1alll.ated gronh in 

lupin t\vpocotyl aegmenta (Figure 3 Penny 1972). Gtudiee ot 002 induoed 

growth reaponaee in aegmenta have not demnetrated this oyclio phenomenon. 

Consequently, thia cyclic response to 002 in intact seedlings ~ have 

arisen aince euch a feedback mechanism •oul.d be 1110re readily muled 

by rapid, rather than gradual changes 1n the controlling paramters. 

The total growth, (a), graphed in l'igure 25 llhowa that •• a reault 

ot a 10 minute expoeu.re to co
2 

total growth wu ellghtl.y 1ncrea.aed, 

the total growth increMnt attributable to the co2 treatment being 

equi Ta.lent to a o. 5"' inc:reaae in the total length ot the lupin ~ 

cotyl. Thi• reault ia, bolre~r, a rax1J1u11 reeponae and generally the 

gro.rth atimulat1on of a 10 minute expoaure to 002 was cowiterbalanoed 

by the following inhibition of' grorlh by ar.robic oondi ticma auch that 

there waa no nett growth increase reaul ting from 002 tre. ~At. 

Expoaurea to 00
2 

in emeaa ot 10 llinutea prior to return to aerobic 

oonditiona, however, alightly depreaaed total growth owr the experi­

mental period (Pigure 24). 

Pigur. 26 lhowa that a 10 ainute exposure to 90'" air/1 (It co2 

tollored by return to air 4id in tact cawse an inareaN in total groirth 

owr the experimental period. It ia alao apparent that cycling ot 

growth rate on return to air ia aach dampened, which tencla to aupport 

the propoaal that the o;yollDa obaerftd 1n Pigurea 24, and 25 ~ haft 

arleon •• a reault ot the -.pitude and rapi.41\y ot change in gueoU11 

0011p0ai U.011. 

An uperiJDant wu perfcraed to detend.ne whether or not repeated 

10 llinute upe>IIW"ea to co2 continued. to cauae growth rate atillulationa. 

The reaul.ta preaented in P18'B"9 27a lhaw that eaob nar expoal.re to 002 

produoe• a ll'owth at11llal•tion. B°""91', the aagnitu&t ot the growth 



FIGURE 26 A ooapariaon ot t.otal groarth (A) and growth rates ( B) of 

a lupin hypoco\yl naulting from a 10 minute expoaure 

to 1~ 002 / ~ air. 

( 1 unit :: 0.67 ,um). 
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rate reaponaee decreaaed at each aucceaaiTe e.xpoaure to 002, except 

that when the period between return to air and the next co2 t.Natment 

wna inareaaed trom 20 to 45 11:l.nutea the gJ"owth atimul.ation alao increa.a­

ed in magnitude. Theee reaalta aupport the concept of a growth pre­

ouroor being accumulat .. d during aerobic oonditiona and then beina 

expreeaed in the presence ot ex>
2

• The aborter the period between 

auoceaaiw expoaurea to 002 , the leaa the build up ot the prec:uraor 

and, therefore, the lonr the poaai'ba at1wll.ation ot gJ"owth in the 

preaence of' 00 2• Pope and Black ( 1972) ahand that, in the F••noe ot 

cyclohexande, ooleoptile elongation did not reapond to IM adminiatered 

t'ollowing a prior growth atiaulatioo by 002• Barkay and Leopold ( 1973a) 

confirmed these f1nd1.nga with pea atem aegmenta and, by treatatnt ot 

t egmenta with 002 at ftrloua timea f'ollod.ng a 002 pretreatment, cal­

culated that the "growth llaiting protein" pool waa c011pletel.y replem­

iahed within 80 ainutea. The reaulta ot' J'igure 27a would yield a aiailar 

time interval tor the caaplete build up ot the postulated • grorlh pre­

cureor' acted upon by 002 in lupin ~tyla. 

Piglre 27b illuatratea 1hat ewn when growth rat.ea are halted, 

by reduoed t\lrgor preaaure, a growth 'b.arat ia elicited by 002 treataent. 

f'owe'ftr, the magnitude ot the 002 induaed growth reapon• ia conaiderabl.y 

reduced. Sinoe no eatiaaticma ot t:urgar preaaure (P) in the intact 

hypocotyl haft been made, the medlaniaa 'by Wlich growth 1• atimll•ted 

cannot be determined. Although arowth wu aro Ull&sr the iapoaed 

oemotic atreaa, (P - I) ~ O, turaor pnaaure aq haYe exoe.S.4 •ro end 

connquently a aubeequent 00
2 

- iochaced lowering ot I would at1a1late 

a growth reapome. Altematiwly, turgo.r pnaaure ooulc! haw been 

raiaed by the co2• A preciae mtinition ot the •chaniaa 1.n"fOlwd 

J1W1t -.1 t turlber •tud3• 



fICURE 27 Lupin b3Pooo'ti,y"l growth reaporusea to repeated carbon dioxide 

treatment• in the preeence (b) or absence (a) ot a root 

thing •lution oao~c potential ot -14 bar. 

( 1 w.t • 0. 67 ;WA) . 



C 

E -(/) 

+-' 

C 
::J 

22 

200 

180 · 

160 

14 

120 

100 

8 

............... · ... ·· .. ·r 
20 co 

2 

0 

~ 12 0 
+-' 
0 

o::: 100 

..c 
+-' 

5 
0 
L 
(9 

80 

60 0·5M 
Mannitd 

t 4 0 · ........ .. 

2 . 

0 

-20 
0 

. •,,,,,•,'t 
c~ 

25 

Air 

t 

.. 

Air 

1 

. ... 

..... 

. . . '• 

.... ·, 

. .. 

C°'2 

50 

. 
r 

. . . . . . 
. . ·. ·.· .. r· .. 

Co2 

Air 

··.i 
·. 

. . .. · .......... . . . J~ 
75 

Tim8 (min.) 

n. 

, Air 

'•J 

. ... . . ....... i. 
••• , , ,;· •• C02 . .. .. . . . 

. . .. 
. .... 

• Air ... t 
'• 

,•, ........ · ....... , ... , .......... i . . ... 
• ~ C 

100 125 

•' 

a 

b 

•, 

··· . 

.J 
' ! 

1 
i 
~ 
I 
I 

--l 

150 



78. 

The expoeure ot lupin seedlinl'• to CO 2 has yielded l'lllllY interest­

ing reaulta, the •jority of which ha~ been interpreted aa aupporting 

the theory that the 002 and auxin gowth ett'ect• are similar 1n many 

reapecta. Both agr.nta appear to act upon a. cytopla smic pool a, 

protein eaaential tor prowtb - the .. growth limiting proteins" (Pope 

and Black 1972, Penny 1972, Barkley and r eopold 1973, 1973a). Pigure 

28 baa been included to de:aorustrate the 0omplerltie11 inTOlwd in the 

tonml.ation ot a. 00Dij4ehen.aiw theory tor co2 - induced growth mechan-

18119. The illustrated growth reaponae wee obtained w1 th a six dq old 

lupin aee4Ung, the h,Ypocotyl ot which had Yirtually ceaaed elongatJ.na. 

The reaponN illwatrated waa the largeat obtained from the tour aix 

dq old 1>lanta eXJ)Oaed to co2, but in ea.oh caae there ,raa a ma.red 

atimulation of growth r ates by 00
2

• 

Vil Tm~ J-:WECT OF ~ ~,fEIGHT OP 1HF. TRANSDUCER SUJG 

ON HYR>COTYL 1'~1DNGr.TI O?l 

a) Introduction 

Since 1 t ia a well eatabliahed t act that cellular elcmption 

oooura when the extenaiw toroe exceeda the a1n1mum yield atreu 

(Green et al, 1971) it waa realiaed that the tcroe exerted by the 

weight ot the tranaduoer alug aq haw been auttioient to cawae 

elongation, ewn at low turgor preaaurea w1 thin t.he eypocot.yl. 

A aiailar pro'blea wu taoed ~ Haiao et al ( 1970) mo utiliaed 

a tnnaduoer 1n their a~ o~ Mi• leaf elongation. Thoy reported 

a tranaitory rapid rate ot elanption, due to •chanieal atretching, 

when tbe tranaduoer •lug wu attaab.ed ii> the leat. The long terll 

etteota ot thia ftiaht were, howwr, conaidered to be irreleftDt in 

their atwU.ea, ainoe whal the alq wigbt wa.a doublec1 the ateac\Y IJ"owth 
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rate 15 minute later waa unaffected. n iao et al concluded that the 

elug 1ght alone waa inauft'icient to euatain 8n3 prolonaed elongation, 

ince when turgor preeaure waa reduced, by exoi ing the root ayatem, 

leaf shrinkage waa recorded Yi thin 10 minute • 

A number ot experiments were perfcrmed in order to tU<\)r the 

eN'ect of the 5. 23g traneducer slug on lupin hypoootyl growth rates. 

b) Reaulta and Diecuaaion 

Eight pairs of experiments were conducted, utiliaing plaaticine 

either aa a counterbalance or • an additional 1ght on tb tranaduoer 

alug, with etfectiw alug wei ta ot 1.35 and 8.67g. ter the normal 

equilibration period ot three to tour houra, durina which theee tcrcea 

were exerted on the lupin hypocotyla, each pair of aeedlinp wu aub­

jeoted to a particular enYiromlental change and tmeir gro,rth rate re-

ponaea mnitored. Theee pain ot experimenta yielded no aignitioant 

difterencee that oould be attributed to the intluenoe ot the weight ot 

the tranaducer al.ug. oth aeedlinga in one particular ezperhllnt lhowed 

an almoet identical &J10unt ot ahrinkage when the 002 1n tba enrlronmental 

oh.amber waa replaced ~ air, theretore lhawing that the toroe exerted 

by an 8. 671 weight on the l\ypocotyl did not exceed the ad.m.Jlla y1 14 

atreea ot bJ'pocotyl lle. 

,muiiemmnce ot theae reaulta the tranaduoer •lua wu not 

counterbalanced in uq ot the other uperillenta 

•tud.Y· 

In determ1ning the magnitude and durati ot aq cbanioal 

atretdl , a to the ight ot the trana4w>er al , the following 

expez-illant waa rto1'119d. &A11u.u HH.l.1Ap •re •nmted in the root 

o r and left to eqw.librate tor • 'ri th the trana4uoer al 
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attacrhed but not exerting any toroe on the hypoootxls . Growth rate 

were recorded f"rom the time the aluge were adjusted so aa to exert a 

force on the }zypoco\yla, until a constant growth rate wa obtained. 

The toroe of the slug waa then removed tor 10 minutes and the pro­

cedure repeated. Tbe results are presented in Figure 29. Thia 

experiment yielded similar results from the two plants it we.a per­

formed upon. The grc,wth recorded during the tirat mi.nute ot the force 

being applied was approximatel,y eight times that ot the atabl grolrth 

rate eubaoquently achie d. The initially high growth rate decliDecl 

rapidly in on expmential mumer over a 20 minute period. 

The ohe.racteristica ot this gowth burst are aimilar to those 

obtained with Nitella when turgor pressure wu raiaed (Green et al 

1971). The mini yield otreaa, (Y), was postulated to ri e by the 

process of strain hardening at a rate proportional to the magnitude 

of t ~ elongation driving force - 1.e. ( - Y), re 1 th turs,r 

prea ure. An abrupt incre e in P would cauee a high growth rate am. 

ocmsequently an initia.ll.y rapid rate ot increase in the v lue ot Y. 

P. o,:ever, increases in I reduce (P - I) and a a conaequence the decline 

in growth r ate end rate ot increase in Y are exponential in nature. 

The low growth rate obtained prior to the e t bl1 nt of a 

stable r te ugge t •cni, to ot feedback chani o ratin within 

the plant. Thi.a undershoot ay aerYe clo r attention especially 

ain 11b n the force i• remo tor 10 reapplied da-

11.ar ldnetica tor the growth b.lrat are ob -e!lr'66tuae o~ 

underahoot ia reduced. work ri th _.__.._. ( G n t al 1971), 

on no eddence ot any feedback chani 1n op ration, ~t t.bia 

may du to the chan 1n turgor prea ure bein re lowly ffeotecl 

than the ohm • 1n force ttxerted by the transducer al , due to the 
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effect or dittuaion ratea etc, on the instantaneous ahanee in turg,r 

preaaure at a particular time. 

On the bo.sia ot the reaulb preaented in Pigure 29 it can be 

•••U!Dltd that a stable e;roiwth rate would. h.aTe been eatabliahed within 

the routine three to tour hour pretreatment period during which the 

tranedu.cer slug exerta ita torce on the lupin hypoco\yl. 

The experiment.a i.nTOln.ng the etteot ot the tranaducer •lua were 

oonducted eolely tor the purpoae ot eati.Jlatine the rapidity ot the 

reaul ta obtained. troa the auxanoaeter dewloped 1n t.hi.a at\J!Cbr. How­

ewr, the technique ot nry1n.g the toroe on the !\Ypoootyl oould be 

da'feloped further to cable ccnprebenai" atucliea on the role ot 

change• in -Sn1m,m, yield atreN 1n cellular elonp.tion. Green et al 

( 1971) reJ)Orted that riaee in Y were phyaioal 1n nature while decreaaea 

were dependent on meta bollc prooe•••• The described apparatua could 

be utillaed to oompe.re 'ftrlationa in torce exerted on the h,ypocotyl 

~r aerobic and anaerobic n1 trogen oc:mdi tiona. , 1 th the ayatem 

deaoribed in the preaent atu"' p-awth rat.a cannot be recorded whilst 

the farce ia remwd tram the h,ypoootyl. Thi• diaadn.ntage oould be 

eUwhwted by utiliaing an independent qatea tor the addition and re­

aofll ot weigbta from a oounterbalanced plattCll'II taatezied to the top 

I 
I 

I 
I 

I 

I 
I 



!, CONCll!§IONS 

The a1JU ot thia project weres-

( a) to develop a technique which would enable the mon1 toring 

ot h,ypoootyl givwth rates at one minute interval.a, in 

intact Lgping enguetitoUWI eeedl'l.ngaJ 

( b) to be able to accurately monitor b,ypocotyl grorlh re•pan••• 

to changee in a wide varie\y ot enrlronmental parameteraJ 

(o) to compare the reault~ obtained w:lth eimi.lar abort-term 

growth kinetic •tudiea on lupin eypooovl aegmimta, in 

an attempt to identity thoee tactore regulating the rate 

or cellular elo~tion in lupin eypooo\Jl tiaaue. 

The &!tYelopment or the deaaribed auxanometer, uUliaing a dia­

placement tranaducer, digital Yol tmeter and perapu root chamber (Pigure 

2), eucaeutully t'ul.tilled the tirat ot these objectiwa. 

The enT.lronmental eh.amber (Figure 6) wa.a utilised to 1.mpoae 

nrioua ezrrironmental changea on the enclosed lupin aeedlinga, without 

interruption to the monitoring ot arowth rates. The 41.Yereity of the 

ennrcmmental p~ etudad in thia project reneota 1be Teraatilit,y 

of the auxanomater when uaec! 1n conj\mct:S.on w1 th the em.ronmntel 

chamber. The achieving ot thia aecond objeotiw baa, b:wewr, hiF­

lighted the problems encountered in etfeoting rapid change• ot enfl.l'OD­

mental par-ten whilst a1mw.taneoualy DK>Ditoring theee changea. The 

41tticul tiea poaed by the •jori V ot theae probleu ooul.4 be aw14e4 

in future by the \IN ot 110N aophlaticated equipant than that utiliMd 

in 1:h1a project, far the manipulation and IIOD1 toring ot eD'firomlental 

The th1rcl ob jacti ft ot tbi• attxty hu prcmtd to be the moat 

4U't1CNlt to attain, largely u a reault of ho main tact.on wb1oh 

require corud.Aarat1on. Piratl_f, it waa N&liaed that the whole eee4lillc 



a,. 
1 atteotecl by U\Y imJ,oMd enviro ntal oondi tiane and conaequentl.:, 

obaenad growth reapouea 1193 have ariaen, either u direct etteota on 

cellular elongation, or aa a reault ot prior 1.nhibition ot more 

aenai tive metabolic proceuea. Seex>n41.y, few ot the experiment• per­

formed with intact aeedllnga directly paralleled inwati ationa with 

lupin hypocot,yl aegmenta. Por example, although growth ratea ot both 

11e ta and intact eypocotylJs ba'fe 'been atudied during oamotic atreu, 

the •tboda tor iaproTing the atreaa are entirely clitterent and ccn­

aequentl,Y direct oompariaona ot reaul. ta 

'fhe following conclwd.ona, holreTer, can be 4rnn fl"Ola the 

obeerved growth reaponsea ot lupin 1\Ypocotyla to chan ea 1n varioua 

environmenta1 parameters. 

1. Hypoootyl growth ratea are only allgh tly altered by aatur­

ation def'ici ta of bettl·een 2. 9 and 16. 2 mbar. 

2. luctuatians in root tomperaturea of betw n 23 and 4-3° C 

do not aigniticantly alter hypocotyl growth rates. 

3. Change in the oamotic potential ot the root, bathag aol­

utiom elicited growth reaponae buicall,y aimilar to thoae 

reported ~ Acewdo et al { 1971) for intact maiu l awa. 
The •jority ot the reaponae are co tible with the 

tbeoriea ot Green et al ( 1971) regarct1nc the regulatory 

rol ot the m:1n1 m111 yield atreaa 1n cellular elongation. 

Procee imolwd in the regain:fng ot tur by plaeeelyaecl 

tiaa • account tor the ano lo reaulta obtaimd 

with aolution potentials ot le than •11 bar. 

n.a,nonbic n1 tro ccin41 tio reduce b;rpooovl grortb rate• 

to een 5 4 1 ot normal rl thin 20 to ,o minute• 

a baa been obaernd tor hypoco\yl a nta (Peney D. et al 

1972) . Alth re ulta illuatrating 

•atored ,:rowtb" arabla with ot Gill t al 

(1972) it 1• alao apparent ihat arc,wth inhibition reaultina 



86. 

tram anaerobic conditiona ot greater than ,0 minutes in 

duration 1a not complete~ oompenaated tor by the aerobic 

growthbJ.rat. 

5. Hypocotyl growth ratea are at1mulated within one minute 

ot expoeure to an anaerobio carbon dioxide enrironment. 

Carbon dioxide ia postulated to ati.mulate the utilisation 

ot a grc,wth precuraor within the cell whilst aimultaneowsl,y 

inhibiting 1 ta continued ayntheaia. The Jvpotheaia, pro­

posed by 'Barkley am Leopold ( 197.}a), that tbia growth 

precu:raor ia a "growth 11ml ting protein", the cvtopl.aamic 

pool ot '«hi.oh can be complete~ repleniahed within to 
minute•, ia aupported by the described reaul ta t'roa lupin 

1\Ypooovla. A phen non not apparent in atudiea inwl ftDa 
the treatment ot aepmta with 002 ia the marked inhibition 

ot eypocotyl growth r e.tea and. ubaequent c:,.yclio growth 

response on return to aerobic oODditiona. The elucidation 

or this phenomenon awai ta further re earch. 
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