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of germ.i nation inhibit'i on. Although hydrostat'i c pressure

appea red to force wate r i nto the embryos of steeped gra i n no

djscernable disruption was observed. The manner by wh'i ch
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establ.i shed. However, it was possi bl e that anox'i a and narco-

sis were the major contributors to a collective 'i nhib'it'i on
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CHAPTER I

INTRODUCTION

Grai n seì ecti on cri teri a al I ow the mal tster to

increase the uniform'ity of genmination and reduce ma'lting

I oss. Interrupted, aerated and aci dul ated steepi ng of abrad-

ed bar ley coupled with the use of exogenous gibberellic acid

have accelerated germinat'i on and reduced respiratory losses.

Hydrostat'i c pressure durì ng steepi ng or at cast'i ng has been

reported to d'i srupt the uni f ormity of germi nati on and reduce

malt extract.

Eyben and Droogenbroeck ( I 969 ) , Davi dson and

Jangaard (1978) and Yosh'i da et al. (1979) observed that hy-

dnostatic pressure durjng steeping or at steep-out restrjcted

rootlet growth and respì ratory acti vity. Eyben and Droogen-

broeck (1969) reported that hydrostatic pressure did not push

water into the grain or disrupt the embnyonic ax'i s and that

the restriction of nespìratory activity lvas not the conse-

quence of asphyxi ati on. They proposed that pressure i nter-

f ered wi th the abi'l i ty of the al eu rone to f orm amyì ase and

the embryo to synthesi ze gi bberel I i c aci d. In contrast

Yoshida et al. (1979) observed that hydrostat'i c pressure

forced water and possi bìy mi cro-organ'i sms as far as the nodal

region of the embryo. They suggested that the restriction
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of respi ratorY

acìd synthesis

organs.

The obiecti ve of thi s study was to further

eluc.i date the cause of hydrostatic pressure inhibition in

steeped barì ey. Thi s was attempted by: I ) observi ng the

abi I ity of water-sens'iti v'ity breaking treatments to al leviate

hydrostatic pressure 'i nhibition, ârd 2) establ'i shing by use

of electron and light m'i croscopy whether hydrostatic pressure

d'i srupted embrYo i ntegri tY.

activity and

was due to

'i nh'i b'iti on of gi bberel I i c

di srupti on of embrYoni c

the

the
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CHAPTER I I

LITERATURE REVIEl.I

Th.i s chapter contai ns f i ve sectì ons each of whi ch

i s devoted to a di st'i nct subiect area. The f i rst secti on

d naws attenti on to

the signif icance of

ley for ma'lting.

the general properties of bar'l ey grain and

these propent'ies 'in the sel ect'ion of bar-

The second revi ews some aspects of graì n

physiology dur.'i ng the steeping process. The th'i rd section

deals exclusive'ly wjth the imp'l 'i cations of hydrostatic pres-

sure duri ng steepi ng on graì n metabol i sm, growth, appearance '

and malt yieìd. The fourth section considers the broader

consequences of external pressure on seed germ'i nat'i on.

Finally, the fjfth section examines the effects of external

pressures on root growth and membrane properties'

2.r MALTING BARLEY

2.1.L The Barl ev Gra'i n

The eventual fusi on of the peri carp and the testa

wh.i ch i s deri ved f rom the i nner i ntegument def i nes the ba rì ey
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fruit as a caryopsis (Macleod,1979). The pericarp of hulled

barley secretes a sticky polysaccharide wh'i ch results jn the

gl umes adheri ng to the peri carp when the grai n dri es. The

mature embryo, which occupies a dorso ventral location in the

proxima'l ponti on of the gra'i n, is compri sed of a scutel I um' a

coleopti ìe enclosed pìumu'le, and a radicaì plus fi ve to ei ght

secondary root initjals within a coleorhiza (Hector,1936)'

I'¡hen compared to wheat the embryos of barìey are general ly

'l arger, have scutel l a whi ch proiect f u rther beyond the ti P of

are more equal inthe coleoptìle and have root in'itials that

size (Russeìì, 1960).

The bulk of the mature gna'i n

whi ch consi sts of hemi cel I ul ose wal I s

granules

where the

abuts the

surrounded

embedded in a Protein matrix.

col umnan eP'ithel i al l aYer of

i s dead endosPerm

surrounding starch

Except proximaììY'

the scutellum d'i sc

the endosPerm i s enti reìY

walìed aluerone cells. The aleurone cells

enti re dePletion laYer '

by two to three ì i vi ng of cubical thick

are add'itionaì'lY

lack of starch

'layers

thei ndi stì ngui shed from the endosperm by

granul es and the'i r hi gh oi I and pt'ote'i n

1e71).

content (Hough et al.
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2.I.? Maltin ual'it

The malt'ing qual ity of a recommended variety varies

with batch and is evaluated on the basis of appearance' mo'i s-

ture content, grain sjze, 9êrm'i nation capacity, germjnation

enengy, pre-germination and prote'i n content (Brookes, 1979).

Appearance indicates the proport'i on of half grains, seed con-

tami nat'i on, bacteri al and f ungaì acti v'ity, and the degree of

severe pre-germi nat'i on (Hector , 1936; Fl anni gan and Heaìy,

1983). For proìonged storage barìey grains are requìred to

have a mo'i stu re content of between LZ and L4%. H'i gher mo'i s -

ture level s promote deteni orati on of the gra'i n due to mi cro-

bi al acti vi ty (Brookes et al . 1976 ).

whilst 'l arge grains initialìy absorb water more

rapi d'i ly than smal I graì ns, the I atter usuaì ly reach thei r

optimum moisture content for germination sooner (Brookes et

al. 1976). Although grain size 'i s highly dependent on vari-

ety and hanvest condi ti ons, maì ti ng barl ey shoul d have a hì gh

degree of size unìformity. Approximately 95% of the grains

in a sampìe should have d'i ameters >?.? mm and samples with a

hi gh proporti on of grai ns with dì ameters <2.2 mm are usuaì'ly

rejected (Brookes, 1979).

2.I .3 Ge rmi nat i on Capacity and Enerqy

The Tetrazol i um and Thunaeus test f or v j abi ì'ity are

used to estabf ish the germi nati on capacì ty of f resh'ly har-

vested graì n. Thi s capac'ity must be above 95% f or ba r'ley of
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mal ti ng qual i ty (Brookes , IgTg; Reeves, 1981). Germ'i nat'i on

energy measures the percentage of gra'i ns that woul d germ'i nate

if malted at the time of the test and 'is determined by p'lac-

i ng 100 grai ns i n a 9 cm d'i ameter petri di sh contai n'i ng 2

l,lhatman No. 1 f i I ter papers and 4 mì of water. The percen-

tage germi nati on i s the number of gra'i ns that germ'i nate af ter

3 days i n the dark at 18oC (Brookes , 1979 ). Freshìy harves-

ted bar'ley usual ly has a genmi nati on energy <50%. Prof ound

dormancy is consi dered to be the di f f erence between germ'i na-

t.i on capacity and energy (Brookes, L979; Reeves' 1981).

2.L .4 Dormancy

Barìeyexhibitstwotypesofdormancy.Thefirst'

profound dormaf,cJ, i s the faj I ure of grai ns to germi nate

irrespective of water availab'i ìity. The second, water-

sens'itivity, exhibits itself under conditions of excess water

( Poì 'l ock et al . 1955ab ) . The extent of prof ound dormancy and

water-sensit'i vity is highly dependent on variety and cì'imate'

w'ith barley harvested under dry conditions generally exhibit-

i ng I ower degrees of both dormancy types (Pol I ock and Pool '

1962; Gordon, 1970a ).

Continuousyearroundmaltìngrequiresthatgrain

from the previous year's crop be avaìlable for maìting wh'i lst

freshìy harvested grai n i s dri ed and stored ti I I dormancy

(where pnesent) is broken (nrookes, 1979)' Essery and
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Pol lock (1956) reported that the rate of improvement in germ-

i nati on energy (ì oss of profound dormancy) i s hi gher at 18'C

than 0oC for gra'i ns of the Same moisture content. The rate

at wh'i ch water- sens'itivity declines during storage is in-

versely nel ated to grai n moi sture content subsequent to dry-

i ng. Pol I ock et al . ( 1955b ) observed that both profound

dormancy and vlater- sensit'i vity can be oVencome by mechan'i cal

damage of the gra'i n coat or by removal of the husk and peri -

carp by acid scarification. PolIock et al. (1955b) also

obsenved the f ol I owi ng, name'ly: that pi er^ci ng the embryo

will alìeviate profound dormancy but not water-sensitivity;

that a hi gher concentrati on of hydrogen peroxi de i s requi red

to overcome profound dormancy than waten-sensitiv'ity; and,

that u 0Z atmosphere w'i 1l al I evi ate water-sens i ti vì ty .but

not profound dormancy. Pol I ock et al . (1955a ) reported on

the effect on dormancy by the removal of the perìcarp and/or

the husk with 501ø v.V. sulphuric acid. Profound dormancy and

water-sensiti vity both appeared to be determined by peri carp

integrity. The removal of the husk only m'i ìdly allev'i ated

profound dormancy and did not'influence rrllater'-Sensivity. The

acid scarificat'i on treatment failed to d'i snupt the testa and

testa 'i ntegri ty di d not appea r to be i nvoì ved i n determi ni ng

prof ound donmancy or water-sensit'i vity. In contrast Bri ggs

and MacDonald (1983) reported that acìd decortjcation in-

creases the permeabi I i ty of the testa. Pol I ock and Ki rsop

( 1956 ) observed that profound dormancy i n barì ey can be
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overcome by treating the grain with hydrogen suìphide or

thi ourea. They concì uded that these compounds deact'i vate

peri carp polyphenol oxidase which would otherw'ise absorb 02

i n the profoundìy dormant grai n thereby prevent,i ng embryo

g rowth .

Dunwel I (1981) reported that freshly harvested

bar^ìey grains have an opt'imum germìnation temperature of 10"c

and that both the opt'imum and range of temperature f or genmÍ -

nati on i ncreases as profound dormancy decl i nes. It was al so

noted, that at al I temperatures the husk reduced the ìevel of

germination by l'imiting gas d'i ffusion. Th'i s suggested that

there i s I ess evi dence f or an embryo dof"mancy mechan'i sm 'in

bar'ley than there ìs for a secondary mechanism involving

al eurone, endosperm or testa. MacLeod (1979 ) stated that the

bar'ley embryo lacks none of the biochemical mechan'i sms

requ'i red f or germ'inat'i on, dorlnancy be'i ng 'imposed by non-

embryoni c structures or by the grai n envi ronment.

Dormant vari eti es of bar'ley have been f ound to

contain no detectable level of abscisic acid (ABA)' even

though ABA is an antagon'i st to the stimulating influence of

gi bberel I i c aci d (GA) on dormant grai n germ'i nat'i on (Dunweì 1 ,

1981 ). Moneover, Dunwel ì was abl e to break the dormancy of

barley gra'i ns by exogenous GA appl'i cation and concluded that

a I ack of GA rather than the presence of any i nhi bì tory

substance is responsibìe fOr post-harvest dormancy' Exo-

genous g'i bbereì I i c aci d (GA) possi bly rel'i eves dormancy in

some seeds by the mob'i I i zati on of f ood reserves (Pal mer '
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1974). Palmer noted, however, that barìey gef'm'inat'i on takes

pl ace pri or to the mobi ì i zat'i on of endoSperm reserves and,

al though exogenous GA i ncreases the rate of germi nati on of

non-dormant barl ey, it i s unabl e to stimul ate germi nati on of

water-sensitive grains. The abiìity of exogenous GA to break

post-harvest dormancy (pnofound dormancy) 'in ban'l ey appears

to act by a mechan'i sm physiologically d'i stinct from the

stimulation of aleurone activity (MacLeod, 1979). Exogenous

GA induces the embryo of prof oundly dormant gna'i ns to release

the suì phydryl compounds gl utath'i one and cystei ne f nom embryo

protei ns. Increased I evel s of these compounds have been

associ ated with the germi nati on of prev'i ousìy dormant barì ey

gra'i n (Belderok, 196S). MacLeod (1979) noted, that gibber-

ellin synthesii requires 0? wh'i ch may be 'l imiting in the

p rofoundl y donmant grai n.

unì i ke water-sensit'i vity, the nature of prof ound

dormancy .is more c'l early understood and general'ly th'i s f orm

of dormancy does not pose any probl em to the mal tster s'i nce

.i t .i s of ten absent or of short du rat i on . Indeed , prof ound

dormancy of opt i mum du rat i on 'i s a sel ect i on cri teri on f or

avo'i d'i ng pre-harvest sprouti ng (MacLeod, 1979 ). Crabb and

Ki rsop ( 1969 ) exami ned the uptake of OZ and the re I ease of

c0z f rom normaì and water-sensit j ve barley gra'i ns under

water-sensitive cond'itions. 0n the bas'is of the'i r tests they

determi ned that there i s no si gn'i f i cant di f f erence between

the rate of OZ consumption by water-Sensitìve and normal
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bar'ley gra'i ns and that the resi stance to OZ di f f usi on

through the pericâf P, husk and surf ace f i lm of wate¡.i s the

Same fOr normal and water-senSi ti ve graì n. MoneOVer ' the

I evel of f ermentati on 'i n both grai n types was approxi mateìy

the same and the removal of the pericarp eliminated anaerobic

respi rati on i n both normal and water-sens'iti ve grai ns ' The

abiìity of not"mal embryos to germ'i nate at lower (?%) 0Z

tensi on than water-sens i t'i ve embryos i nd'i cates that the

embryos of water-sens jti ve gra'i ns have a hj ghe, 02

requi rement f or germi nati on wh'i ch cannot be susta'i ned under

water-sensit'i ve cond'it'ions. Crabb and K'i rsop (1970) used an

embryo extract to i nduce a dormancy condi ti on 'i n

water-'i nsensit'i ve graì n under the conditions of the

water-sensitivity test. However the embnyo extract did not

i mpose dormancy i n the germ j nat'i on energy test. The donmancy

i nduced by the embryo extract der'ì ved f rom the embr"yos of

e.ither normal or water- sens'itive grains could be allev'i ated

by treatments wh'i ch break water-sens'it'i vity. under neduced

02 tension the embryo extract inhibited the germ'i nat'i on of

decortj cated water-sensiti ve grai ns more than decort'i cated

normal grains. crabb and Kirsop were unabìe to 'identify all

the ethanol embryo extract components. They di d, howeven

determi ne that the embryo sugars sucrose and raffi nose were

respos.i ble for at least 30% of the inh'i bit'i ng nature of the

extract and they concl uded that these sugans and other

unident'i f.ied extract components couìd be inhibit'i ng to the
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germi nati on of water-sensi ti ve embryos under condi ti ons of

limited 0Z availabi'l itY.

In the embryo of barl ey grai ns genmi nated under

aerob.i c condi ti ons both sucrose and raf f i nose are metabol'i -

zed. However, under anaerob'ic conditions and during aerated

steeping, Fôffinose metabolism 'i s inhib'ited. Raffinose

metabol i sm requ'i res hi gh energy phosphate bonds and on'ly

takes p'l ace jn the presence of anothen respi ratory substrate.

In barley th'i s starts approximateìy 14 hours aftelimb'i bì-

tion, raffinose being compìeteìy ut'i lìzed ?4 hours after the

start of imbibition. This period of raffìnose metab.olìsm is

concurrent w jth the synthes'i s of comp'lex carbohydrates in the

embryo (Macl eod, 1957 ).

Jansson (1962) proposed that water-sensit'i vity t¡tas

the result of accumulated indoleacetìc ac'id (IAA) uncoupling

oxidative phosphory'lation in water-sensitive grains' Gaber

and Roberts (1969a) 'invest'i gated the'influence of resp'i ratory

uncoup'lers under condi ti ons of excess and optimum water

availabi'l 'ity. They observed that the germination inhib'it'i on

of low waten-sensit'i ve is considerabìy less than high water-

sens'iti ve grai n under condi ti ons of excess water and i n the

presence of resp'i ratory uncoup'lers. In addi tì on, they noted

that IAA stìmulated germination of water-sensit'ive grains in

excess water and that IAA antagon'i sts fa'i led to alleviate

water-sensiti vitY.



L2

Bì um and Gi I bert (1957 ) reported that water-

Sensit'ivity was reduced by surface sterilization of the

grains with L% sodìum hypochlorite or 0.1% mercuric chloride

prior to conducting the water-sensiti v'ity test. They

concl uded that the steri I i zati on treatment reduced mi crobi al

toxi n product'i on and competi t'i on f or 02. Jansson et al .

(1959) suggested that Blum and Gilbert (1957) had erroneously

i nterpreted the'i r surf ace steri I i zati on results and that

thei n surface steri I i zed grai n perfonmed no better than

water-Sensiti ve grai n whi ch had not been steeped 'i n water

p ri or to bei ng pì aced i n petri -d'i shes w'ith excess water.

They asserted that contnoì water-sensiti ve graì n pre-steeped

exh'i b'its an addi ti onal germ'inati on 'i nhi b'iti on phenomenon

distinct f rom water-sens'itivìty. Jansson et al. (1959)

observed that steepi ng concentrati ons of I to 0.1251" mercuri c

chloride and 0.1% hypochlorite considerably reduced

subsequent petri- d'ish microbial population counts under

water-sensitive cond'itions, but faiìed to stimulate the

germ'i nation of water- sensitive grains. Even in the presence

of a h'i gh mìcrobial count, Q.9% fenrous sulphate or pericarp

removal al ìevi ated ¡tater- sens'itì vity. Furthermore '

water-sensitive grain failed to germinate in a cont'i nuously

aerated renewed water steep where the mi crob'i al count was

I ow.

Jansson (1959) soaked normal and watêF-sensiti ve

grains of English barleys in 0.1% mercuric chloride and water

f or t hour pri or to conduct'i ng germì nat'i on energy and water-
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sensitivity tests. Fo'l low'ing th'i s procedure he observed that

water soaki ng depressed the germi nat'i on of both normal and

water-sensìtì ve grai ns in the water-sensiti vìty test and that

mercuri c chl ori de soaki ng reduced germi nati on of wate[-

sensitì ve grai n considerabìy in both the water-sens'iti ve and

germi nat'i on energy tests. In addi ti on , the i nh'i b'iti on of

water-sens'it'i ve graÍ n i n the germì nati on energy test was

overcome by the presence of su'l phydryl bearing cysteine.

However, Jansson ( 1960 ) was abl e to al I evi ate water-

sensìti vity 'i n grai ns of Swedi sh barì eys by t hour soakì ng

treatments in 0.5% mercuric chìorjde or 0.5% hypochlorite

p¡ior to conductìng water-sensitì vity tests. Blaim (1959)

reported on the abiìity of coumarin to ình'i bjt germination of

wheat grains by preventing water uptake by the embryo. Blaìm

suggested that coumarin acted by reducing the permeability of

the protoplast. Jansson (1959) was able to prevent coumarj n

inhìbit'i on of germination by pre-soak'i ng the graìns'in mer-

curic chloride for a short duration of tìme. Jansson (1960)

proposed that mercuri c chl orì de bì nds coumarì n, and al I evi -

ates water-sensiti v'ity by b j nd'i ng an i nh'i bìtory substance

which ìs responsible for water-sens'it'i vity. The abiììty of

mercuric ion to bind sulphydryl groups led Jansson to test

sul phydryl i nact'i vat j ng compounds. Potassì um f errì cyani de

was found to alìeviate water-sensjtivìty whilst mencapto-

acet'i c acìd reversed the stimulatìng effect. Jansson Sugges-

ted that potassi um f erri cyan j de oxi di zed suy'l phydryl groups
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to dìsuìph'i de groups (breaking water-sens'itivìty) whilst

mercaptoacet'i c ac'i d re-establ'i shed water-Sensit'i v'ity by

spììtting djsulphide groups to su'l phydryl groups. Jansson

f urther proposed that the ox j d j zì ng propent'i es of sodi um

hypochlorite were responsible folits abiìity to break water-

sensìtÍvity. Empìoying the standard water-sensitìvity test

Gaber and Robents (1969b ) i nvesti gated the effect of vari ous

anti b'i oti c comb'i nati ons on the genmi nat'i on of water-

Sens'itive graìns under cond'itìons of exceSS water. They

observed that s'i ng'l e bacteri ci de or f ungi ci de treatments were

less successful'in stimulat'i ng germ'i nation than a comb'i nation

of gram pos'itive and gram negat'i ve bacteri cides pìus a fungi-

cide. The comb'i nation of streptomycin, penic'i lì'i n and nysta-

tin almost compìetely elim'inated water-sensit'i vity. This

anti b'i otì c combi nati on si gni f icantly reduced the m j crobi al

popul ati on count, o2 uptake and c0z output of the grai n

envi ronment. Gaber and Roberts concl uded that water-

sens'it'i ve gnaìns contajn a larger and more m'i xed populat'i on

of m'i cro-organ'i sms bel ow the husk than water- j nSens j ti ve

gra'i ns and that under condit'ions of excess water the mìcro

bi al popu I at'ion rapi dì y expands. Such expans'i on ì ì mì ts ger-

m'i nati on by competi ng with the embryo f o, 0Z a conditì on

wh'i ch may eventua'l ìy cause embryo death.
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2.1.5 Pre-germìnatio4

visual assessment of pre-germination does not

accurate'ly ì nd'i cate the total degree of pre-9erm j nati on as

'i ncip'ientìy pre-germinated grains are not detected. Tests

which measure grain cl--amylase prove most satisfactory in

est'imat'i ng pre-germ'i nati on (Brookes , 1979 ). Foì I ow'ing heat

destruction of F -amy'lase act'i vity, theoL-amylase act'i v'ity may

be detected by p'lacì ng bar'l ey hal f gra'i ns on agar medi um con-

taì ni ng sol ubl e starch. Af ter 30 m'i n. 'incubati on at 37 oC the

gra'i ns are removed and the djsh flooded with'iodine solution.

The solution is then drained to reveal colounless spots in

those areas prev'i ousìy occupì ed by pre-germì nated gra'i ns

(Lloyd and Martin, 1982).

Heavy rainfall durjng harvest 'increases the degree

of dormancy and the extent of pre-germi nati on (Gordon , 1970

a,b). Pre-germ'i natìon results from a pericarp rupture at

high (approx'imately 45%) grain moisture. Th'i s allows atmos-

pheri c contact with the embryo and may in'itiate growth provi-

ded that grai n moi sture i s above 30% (Gordon, 1970a ). Gordon

al so observed that ruptured grai ns 28 days af ter anthes'i s

u,ere abl e to germi nate under both germi nati on energy and

water-sens'itì vìty test cond'it'i ons wh'i ì st non-ruptured grai ns

f a'i led to do So; that the number of ruptured grains increases

with days f o11owi ng anthesi s; and, that dry'i ng of pre-

genminated grains with significant rootlet growth on the head

does not enable the embryo to re'i n'itiate growth
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through previousìy inactive root'initials when adequate mois-

ture becomes available. Gordon (1970b) reporting on the

nequi rement of peri carp-testa rupture f or pre-germinat'ion 'in

barìey, wheat, rye and triticale stated that the potential of

rupturing 'i S dependent on variety and that wjthin a varìety

the character i s heterogeneri c.

2.L.6. Protei n Content

l,lhjlst the results of barìey nìtrogen (N) est'imated

by the Kjeldahl techn'ique are expressed as total N in the

Un'i ted Kingdom, in Nonth America and Continental Europe total

N 'i s multiplìed by a factor of 6.25 to gìve a value for pro-

te'i n content (Mo'l I , 1979 ). In the Un j ted K'i ngdom two-row

barìeys considered suitable for ale malts have total N val ues

r.angìng from 1.3 to L.6% NZ. In North Amenìca, however'

higher N (2.0% to 2.2%) six-row barleys are more commonìy

used 'i n malting (Hough et al , 1971). Trad'it'ional pale ale in

the Un'ited Kingdom was made from low N (1.3% to 1.41") two-row

barley. Nevertheless, in recent years the trend has been

towands the use of hi gher N grai n and the product'i on of f ewer

mal t types. Consequently today's pa'le al e mal ts are made

from barleys with up to 1.65% total N. The hìgh N barìeys

malted in North America produce malts which are h'i ghly .ltt-

m'i c i n character and are of ten used with a h'i gh proport'i on of

adjunct (Briggs et al , 1981).
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General'ly as protei n content 'i ncreases f rom 9 to

l3T" expected malt extract can decline from 79.0 to 70.0%

(Moìl 1979). In addition to low total N the compos'ition of

barley stonage protein (hordein) ìs cruc'i al to the maìting

qua'l i ty of a vari ety (Baxter, 1981). Unl'i ke total N, horde'i n

compositìon is a str"ong varietal characteristic relati ve'ly

'i ndependent of envi ronment. Increased N content of the best

ma'lting varieties ìs less detnimental to malt'i ng qual ìty than

when occurri ng i n poorer mal t'i ng vari et'i es. Barì ey hordeì ns

of poor malting qua'l 'ity tend to form disulphìde bridges dur-

'i ng mashing and undergo excess'i ve degradation duri ng bo'i l'i ng.

These cond jtions respecti vely result in poon mash separat'i on

and over dark beer due to am'i no ac'i d sugar condensati on

(Baxten, 1981).

?.2 STEEP I NG

steepi ng al ì ows the rapì d attaì nment, w'ith mi ni mum

respi ratory I oss , of the gra'i n mo'i stu re content (43 to 46%)

requi red f or even mod'i f jcat'i on on the germination f loor

(Brookes et a l_, 1976 ). Steep aerat'i on , aì r rests and warmer

steeping temperatures reduce the time to and may ìmprove the

uni f orm'ity of chi tt'i ng whi ch marks the end of steepi ng.

Total steeping time is genera'l ly 2 to 3 days at tempenatures

of 10 to 15oC. Steep'i ng of djstaììy abraded gra'i ns and the

addjtion of 0.1 to 0.2 ppm of gìbberell'i c acid to final

steeps accel erates the maì ti ng process and often neduces
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respect'i vely (Hudson, 1983).

reduced by the i ntroducti on of

197 2, 1974 ) .
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I ess than 5 daYs and 5%

Maìting time may further be

acì dul ated steepi ng (Paì mer,

2.2.1 l^later U otake Durinq S teeo'i nq

l,later uptake duri ng steepi ng, the vel oc'ity of wh'i ch

is an exponential funct'i on of temperature, is considered to

be tr.'i phasi c (Brookes et al , 1976 ). The f i rst phase ' 'imbi bi -

ti on, 'invol ves a rapi d (6 to 10 hours ) physì caì absorpti on of

water by grai n col I o'i ds. The peri carp cutì cì e, wh'i ch 'is ab-

sent i n the reg'i on of the embryo, ì s the pri nci pì e barri er to

water entry duri ng th'i s phase whi ch ends w'ith a prox'i maì pre-

f erent'i al d'i stri buti on of water (Brookes et aì . 1976 ). Imbi -

bì ti on 'i s i ndependent of metabol'i c acti vi ty si nce even though

metabol'i sm commences as soon as a vi abl e graì n starts to

hydrate imbibit'ion also takes place in non-viable gra'i ns

(Bewì ey and B'l ack, 1978). In'i t'i al'ly on wetti ng gas coì I ects

and escapes from grai n Su rfaces , but, si nce the phenomenon 'i s

shown by non-viable gra'i ns, the gas ìs thought to be neìeased

from trapped pockets and col ì oi d su nfaces rather than to be

respiratory in nature (Haber and Brassington, 1959). The

second phase (10 to 12 hours) is characterized by a very slow

or compì ete absence of water uptake ' some hydrolys'i s of

starch and the embryo becomi ng metabol i cal ìy acti ve (Brookes

et al. 1976). Th'i s level of metabol i c acti vity is present in

both dormant and non-dormant grains (Bewley and Black, 1978).
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The thi rd phase i nvol ves a I i near pattern of water uptake

which is direct'ly correlated to the graìn's metabol'i sm, the

vacuol'i zation of meri stematic t'i ssue and elongation culm'ina-

ti ng i n vi si bì e germ'inati on (Brookes et al . 1976 ). The

three phases of waten uptake do not take place 'i n un'i son

throughout the graì n and theref ore there i s a dì f f erent'ial

I evel of hydrati on between t'i ssues (Bewl ey and Bì ack, 1978 ).

2.2.2. Respi ratì on Durinq St eeDl nq

Usi ng a Warburg respi rometer to mon'i tor steepi ng

barley resp'i r"ation Dav'i dson and Jangaard (1978) determìned

that the rate of respiration'incnease'i s essentiaììy l'i near.

In contrast Eyben and Droogenbroeck (1969) and Yosh'i da et .ql .

( 1979 ) used an OZ el ectrode to measure the respi rati on of

steeping barìey and determined that it 'i s nonlìnear and

fol I ows a pattern of non-consecuti ve exponenti al i ncrements.

In explanation, respìratory activity is observed to increase

immediate'ly after initial 'imb'i bition and reach a plateau

af ter 4 hours. Resp'i natory actì vity then remaì ns constant on

thi s f i rst plateau f or approx'imateìy 10 hours and then

accel erates f or approx'imately 15 hours to a second pì ateau.

The second plateau ìs mainta'i ned for approx'imately 10 hours

folìowing which respiratory activity'increases exponentìa1ìy.

Th'i s f i nal exponenti al phase i s associ atd wìth vì s'i bl e

ge rmi nat i on .
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Brookes et al. (1976) noted the f o'l lowing concern-

ing grain respiration during and after steeping: that the

resp'i ratory quot'ient of grain rises rapidly to 1.5 during the

f i rst phase of water uptake; that as water uptake conti nues

the respi ratìory quotient decl ines to approx jtnateìy 0.98 by

the end of the thi rd phase; and, that the intensity of res-

p'i ration reaches a maximum when the plumu'le is 3/8 to 5/8 the

I ength of the grai n. Moreover, Hough et al . ( 1971 ) reported

that 50 to 70% of the total resp'i ration during steeping js

due to the activity of the embryo and as the mojsture content

'i ncreases So does the resp'i ratory demand f or 02. Irrespec-

t i ve of steepi ng techni que, the presence of a water fi I m on

the grain surface limits 0Z consumpt'i on but not C0Z

evolution. This anoxia results in the accumulation of etha-

nol and I actj c acj d. The presence of these Substances may

deìay chitting in the absence of air rests but would not be

expected to reduce v'i ab'i I ity s'i nce barley grai n wi I I ch'it in

unaerated steeps (Brookes et â.|, 1976).

2.2.3. Carbohydrate Metaboì i sm Duri nq SteePi ng

B rookes et al . ( 1976 ) rev'iewì ng ca rbohydrate meta-

bol i sm duri ng steep'i ng reported that the level s of g'l ucose,

fructose and sucrose decline durjng the first 24 hours and

then rise. During steeping raffjnose is not metabolized.

Betwee n !2 and 24 hours af ter the start of imbi b'iti on stanch

begi ns to accumul ate i n the scutel I um, th i s starch bei ng de-

ri ved from fat dropì ets present i n the scutel I um (Bew1 ey and
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Black, 1978). As gra'i n moi stu re content i ncreases oc and B

intensifies and the amy'lopectin fract'i on ofamylase activity
the endosperm is f i rst sol ubi I i zed (Brookes -e! al . 1976 ).

2.3 THE EFFECT OF YDROSTATIC PRESSURE DURING STEEPING ON

RM MAL U

Steepj ng barl ey exposed to the hydrostati c pres-

sures of deep steep tanks and/or pumpi ng operati ons exhì bi ts

reduced respì ratory acti vìty, del ayed growth and poor modì fì -

cati on (Eyben and Droogenbroeck, 1969; Yoshi da et al . 1979 ).

Eyben and Droogenbroeck (1969) mimicked steeping depths of 5

and 10 m by apply'i ng cont'inuous hydrostatic presru..rl of

4g and 98 KPa .to aenated steepi ng barì ey and observed that

with increased steepì ng depth respì rato¡y acti vity and

germi nati on rate were depressed. They al so observed: that

subsequent to steep'i ng root gnowth was I ess v'i gorous; that

al I 'i ndi ces of modi f ì cati on were reduced except sol ubl e

nitrogen; and, that final malt yield was less.

lP."ssures from
to the nearest
appropriate.

al I referenced sources have been converted
whole number KPa or MPa equi valent where
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2.3.1 Rest ri ct'i on of Respi ratorY Activity

Eyben and Droogenbroeck ( 1969 ) us i ng hydrostati c

pressure treatments of 196 KPa for 30 seconds determi ned with

a l.larburg apparatus that the restri ctj on of respi ratory acti -

vity foìlowing treatment initìalìy increases w'ith steeping

time. Max'imum restriction of respìratory activity occurs at

the begi nni ng of the ul ti mate exponenti al phase of respì ra-

tory activity assoc'i ated w'ith embryo development. Restri c-

t'i on of resp'i ratory activity foìlowing hydrostatic pressure

treatment then decl ines with increas'i ng germinat'i on t'i me.

Us i ng an oxygen el ect rode, Yoshi da et al . ( 1979 ) measu red

(during steeping) the reduction 'i n magn'itude of sequent'ial

respì ratory act'i vity increments of two 2-row barley vari -

et'i es. The varietjes at mo'i sture contents of ?0, 35 and 45%

were subjected to s'i ngle or cumulatìve hydrostatic pressure

treatments of L47 KPa for 10 seconds. They observed that

there i s a cumul at j ve restr j cti on of respi ratory 'incnements

w'ith successi ve treatments duri ng steep'i ng and that the

degree of restri cti on j s dependent on van'iety. Davi dson and

,Jangaard (1978) observed that compared to dry steep-outs, wet

,steep-outs¿ neduced the resp'i ratory act'i v'ity of gna'i ns by

2!ú"t steep-outs unlike
t i ons whi ch exPose
pressure.

dry
the

steep-out
steeped

invol ve pumpi ng oPera-
grain to hydrostat'i c
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approximately 26%. Fo'l lowing steep-out into a damp chamber,

wet Steep-out grai ns fai I ed to regai n p¡esteep-out respì ra-

tory activìty for up to 28 houns.

Eyben and Droogenbroeck ( 1969 ) exam'i ned the ef f ect

of a constant hydrostat'i c pressu re of 196 KPa f or 1 , l5 and

30 second durat'ionS on steeped barìey having maximum pressure

sensitivìty that is when entering the final exponent'iaì phase

of respiratory activity. They determined that the depress'i on

of respi rati on i s the same at constant pressure ì rrespecti ve

of durati on and that the rate of respi ratory recoveny 0ver a

peri od of 4.3 days decl ines with increased durat'i on. More-

oven, the maxìmum acti v'ity f o'l ì ow'ing necovery f rom ai I dura-

tions never equalled the respiratory activity maximum of

grains which receìved no hydrostatic pressure treatment. In

a fu rther experi ment Eyben and Droogenbroeck used maxi mum

sensit'i vity grains to determ'i ne the effect of h'i gher hydro-

stati c pressure treatments of constant durati on (30 seconds )

on subsequent resp'i ratory acti vity. They observed that the

degree of acti vity restr j ct'i on i s proporti onal to the ma9-

nitude of the applied hydrostatic pressure. t,Jhilst a hydro-

static pressure of 98 KPa. delayed recovery of resp'i ratory

activit'i es to control levels for 2 days, treatments of 196'

294 and 490 KPa permanently inh'i b'ited recovery of respi ratory

act'i vity to control levels. Eyben and Droogenbroeck

concl uded that the extent to whi ch resp'i ratory acti vity of

steeped grain is rest¡icted increases with both greater
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durat'i on and magnitude of hydrostat'i c pressure, and that the

restriction caused by these two parameters is cumulative.

2.3 .2 Proposed Mechan'i sms by wh i ratory Act'i vÚJ-1-!
Rest ri cted

Yoshi da et al . ( 1979 ) measu red i ncneases i n the

moi sture content of embryo and endosperm resuìti ng from a

singìe 10 second, L47 KPa hydrostatic pressure treatment ap-

plied to barley grains at either 15,35 or 60 steep'i ng hours.

Embryos showed a hjgher increase (0.8 to 1.5%) in moisture

content than endosperm (0.2 to 0.4%) as a result of pressure

treatment. In addit'i on embryos exhjbited a greater increase

i n moi sture content duri ng treatment with increased steepi ng

houns. Exami nati on of di ssected steeped grai ns subiected to

hydrostatic pressure treatment under black ink revealed that

the tneatment f orces i nk i nto the col eorh'i za and nodal reg'i on

of the embryo. Grai ns soaked 'i n j nk f or the same durati on

without hydrostatic pressure showed no 'i nk penetration

(Yoshida et al. 1979). Yosh'i da -e! al. proposed that hydro-

stat'i c pressure f orced water i nto the embryo and poss'i bly

i nh'i bi ted respi ratory acti vity by destroyi ng embryonì c

organs. In contrast Eyben and Drogenbroeck (1969) reported

that as treated gnai n shows no change in moi sture level , and

no cel I ul ar di s rupti on, the 'i nhi bì tory ef f ect of hydrostati c

pressure is not due to asph'i xiation, €XcesS water being
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forced ì nto the gra i ns , or damage to the embryon i c organs '

Davìdson and Jangaard (1978) obsenved that prior to wet

steep-out barl ey rootì ets were tu rgi d, whi I st foì 1 owi ng wet

steep-out the rootl ets were f I acci d. Gra'i ns w'ith or w'ithout

rootlets both showed restriction of respiratory act'i vity

f oì l owi ng hydrostati c pressu re treatment. Th j s 'i ndi cated

that root damage coul d not account f or the drop 'i n

resp.iratory activity associated with wet steep-outs.

2 .3.3. Growth and A earance Following HY drostatic Pressure
reatmen

Barìey gra'i ns appear duller follow'ing hydrostatic

pressure treatment. In such graìns the bleached coloration

of the husk i s I ost and the i vory col ou r of the col eorh'iza 'is

repl aced by a greyi sh tone (Eyben and Droogenbroeck ' 1969,

yoshi da et al . 1979 ). Gra'i ns exposed to hydrostatì c pressure

show poorer uni formity of growth when cast onto the

germ.inat.i on floor. Rootlet growth'is generally less vigorous

and acrosp'i re growth 'i s often total'ly inh'i b'ited' A high

proport'i on of grains show little or no growth associated with

evi dent si gns of putrefacti on. The scutel I a of putnescent

grains often have a p'i nk discolouratjon'in the region of the

columnar epitheliaì layer and a flu'i d mush ìn place of thg

endosperm. Yoshi da e! 3l . suggested that the destructi on of

embryoni c organs may have 'i nduced abnormal metabol'i sm and/or
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may have been canried jnto the embryo reg'ion by

of water during hydrostatic pressure treatment.

2.3.4 Tnh'i bition of Modification

Eyben and Droogenbroeck (1969 ) repor"ted that , i n

addition to restri ct'i ng respiratory activity, hydrostatic

pressure treatment has a deìeterious effect on indices of

mod j f icatì on. The restri cti on of respi ratory act'i vìty del ays

amyìase synthes'i s and reduces the fina'l yìeld and diastatjc

porl,er of the mal t. Yoshì da et al . ( 1979 ) determi ned di ffer-

ences between fine and coarse extracts3 fo. the barley

vari et'ies Betzes and Fui'i N j io whi ch had been subjected to a

total of 1, 2 or 3 hydnostatìc pressure treatments of 98, I47

or 196 KPa at 24 hour Steeping intervals. The'i r results

i ndi cate that wi th a si ngì e treatment the di fference between

extracts generaì'ly 'i ncreases with greater magnjtude of hydro-

stati c pressure. At constant hydrostatì c pressure the

extract di f f erence i ncreases w'ith the f requency of treatment.

Betzes subjected duri ng steeping to a s'i n'þle treatment of 196

KPa or tri p'le treatment of 98 or I47 KPa had extract

differences of 4.6,3.9 and 19.0 respectìveìy, whilst control

mal t had an extract d'i f f erence of 1.3. Fui i Ni io, the res-

3The di fference between fi ne
i nd'i cates the degree of mal t
basis these differences are
2.0 to 2.6 for average mal ts
modi fi ed mal ts (Mol I , 1979 ).

and coarse gri nd extracts
mod'i f i cati on. 0n a dry weì ght

1.3 for very hì gh modi fi ed mal t,
and greater than 3.3 for poorì Y
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to hydrostatic

in extract d'i f-duri ng steepi ng,

from 1.1 to 0.1

acti v'ity of whi ch is less sensiti ve

KPa treatment. l.l'ith the

di fference i ncreased wi th

with increased frequencY of the 98

I47 KPa treatment Fui'i Ni io extract

frequency from 0.? to 3.3.

?.3.5 Proteol yt'i c Act'i vity

Hydrostatic pressure of 294 KPa wh'i ch had a nega-

tive ìnfluence on carbohydrate modificat'i on faìled to influ-

ence the formatj on of proteolyti c enzymes ' the level of

sol ubl e n'itrogen, or the Hartong number'4. These protei n

modi f i cati on 'i ndi ces were si m'i I ar f or treatment and control

gra.i ns (Eyben ' and Droogenbroeck, 1969 ). Yoshi da et al .

(1979) using a single hydrostatic pressure treatment of

either 98 or L47 KPa at 24 hours steeping, observed that the

I evel s of f ormol n'i trogen, wort n'itrogen, âßd the Kol bach

4Tn. Hartong number (index) of a malt g'i ves an indìcation
of the degree of proteo'lytic and cytolytic mod'i fication.
The val ue of the i ndex refI ects extract yi el ds from f i neì y
ground malt at 20, 45, 65 and 80oC. The extract yie'ld for
each of these temperatures is then calculated As a percen-
tage of standard E,B.C. extract yields. The constant 58.1
'i s then subtracted from the mean of the extract percentages
to give the Hartong number. Poorìy modified maìts generaìly
have index values less than 5 wh'i lst well modified and high-
I y enzymì c mal ts have val ues greater than 5. (Mol'l ' 1979 ) .
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i ndex5 f or worts of Betzes and Fu j i N'i jo were greater f or

t reated than control sampl es wi th the excepti on of the 98 Kpa

treatment sample of Fuj'i Nijo. Steeping gra'i ns, aga'i n w'ith

the exception of the 98 KPa treatments of Fuji Nijo, which

were subjected to add'itional hydrostatic pressure treatments

at 48 and/or 72 steep'i ng hou rs had wort ni trogen 'i nd j ces

below control levels. t,Jort nitrogen levels pr^ogressiveìy

decreased w'ith 'increasing number of tneatments. Wort deri ved

f rom Fu j i Ni jo whi ch recei ved a 9B KPa hydrostat'i c pressu ne

treatment at 24 and 48 steep'i ng hours had h'i gher wort n'i tno-

gen'i ndices than control wont. Converse'ly, Fuji Nijo subjec-

ted to the same pnessure at 24, 48 and 72 hours had lower

wort ni trogen i nd'i ces than control s. l.l'ith s'i ng'l e hydnostati c

p ressu re treatments of 98, I47 , or 196 KPa at 24 steep'i ng

houns Betzes wont exh'i bited a progress'i ve decrease in nitro-
gen indices w'ith greater magnitudes of hydrostatic pressure.

Increased f requency and magni tude of hydrostat'i c pnessu re

during steeping genera'l ly decreases wort nitrogen 'i ndices,

the decrease i n these i nd'i ces beì ng greater f or the more

pressure sensit'i ve barley Betzes than Fuj'i Nj jo (Yosh'i da et

al. 1979).

The Kol bach 'i ndex i s the rat j o of sol ubl e protei n to total
prote'i n. Highìy modified malts have greater index values.
However, the i ndex i s consi dered an unrel i abl e measu re of
modification since soluble nitnogen levels are strongly
inf luenced by mashing techn'i que and barìey vari ety (Moìì,
1e7e).

5



2.3.6 Inhi b'iti on of G'i bberel I i c Aci d GA) Svnthes i s

Eyben and Droogenbroeck ( 1969 ) su ggested

mechani cal compressi on of the embryoni c axi s caused

static pressure could possibly inh'i bit GA fonmat'i on.

et al . ( 1979 ) subjected both Fui i Ni io and Betzes

bot h
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that the

by

to

hydro-

Yoshida

hydro-

the end

control

stat'i c pressure treatment of I47 KPa 24 hours before

of steep'i ng and at steep-out.

va rì et i es had

In the germination box

samples of

creased to

endogenous GA level s whi ch in-

a maximum by the second day and then declìned over

the f oì ì owi ng f ou t' days. The I evel s of endogenous GA i n

treated Betzes remai ned extremely low unt'i I the f ourth ger-

mi nati on day fol I owi ng whj ch GA I evel s ì ncreased to a

maximum on the sì xth genmjnatì on day. Thi s maximum was less

than hal f the second germj nat i on day cont rol maxi mum.

Endogenous GA levels in treated Fui'i Niio were sìgnificantly

depressed but exhi bi ted the Same general pattern as control

gra'i n, endogenous GA level s reachi ng a max'i mum on the second

germ'i nati on day. Th'i s maxi mum approx'imated a thì rd of the

cont rol maxi mum.

2.3.7 Attenuat'i on of [,Jonts

Attenuat'i on I i mits of Betzes and Fu j ì Nì io worts

declined w'ith increased magnitude and frequency of hydrostat-

ic pressure treatments during steepìng (Yoshida et al. 1979).
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Fermentatìon proceeded normally foììowing a sjngle hydro-

stati c pressure treatment of ei then 98 or 147 KPa for 10

seconds during steepìng. Treatments of 196 KPa for 10

seconds caused premature flocculatìon. Premature fìoccula-

tion was also induced by double and trip'le 98 and 147 KPa 10

second treatments duri ng steepi ng. Yeast growth was actuaì ìy

inhibited in Betzes wort by tripìe L47 KPa 10 second hydro-

statìc pressure treatment during steep'i ng. Generally hydro-

static pressure during steep'ing caused premature flocculation

to a lesser degree in Fuii Nijo wort and yeast growth Ì!,as

never i nhi b'i ted (Yosh'i da et al . 1979 ). The fl occul ant

characten of brewers yeast is determined by genetic 'i nter-

actions with the wort envì ronment such as changes in pH,

temperature, 0Z ìevels, as well as sugar starvation and/or

the presence of ethanol and bi val ent i ons (Hough et al .

1971).

Eyben and Droogenbroeck ( 1969 ) reported that prote-

olytic act'i vity rlras onìy restricted by extreme hydrostat'ic

pressure. Yoshida et al. (1979) noted that the low endoge-

nous levels of GA 'i n malts which recei ved hydrostatic pres-

sure treatments during steeping probably reduced protease and

gìucanase actìvity in addition to d'iastatìc power. Stewart

and Russel I (1981) stated that the ab'i I ity of wort polypep-

tides to induce floccuìation when added to yeast strains

growi ng i n protei n ì ack'i ng medi ums can be prevented by pri or

protease hydrolysis of wort polypeptides. The inabiìity of
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daughter cel I s to separate f oì l owi ng budd'i ng has been aì I ev'i -

ated by trypsi n and gì ucanase. These enzymes are thought to

aid the mechanical sheaning of cell walls by breaking pept'ide

and gl ucan l'i nkages ex'i sti ng between daughter cel ì s (Stewart

and Russeì.l, 1981).

2.3.8 The Effect of Gas Pressure Duri n Stee 1n on
Resp 'i ratory Act V ty an o cat 0n n ces

Eyben and Droogenbroeck ( 1969 ) were unabl e to de-

tect any deleterious effects on germinat'i on or malt qua'l ity

with air pressures less than 294 KPa. H'i gher air pressures

did, however, sìightìy depress respiratory activity. Gomez

(1971) reported that steeped barley subiected to a'i r or Nz

pressures ranging f rom 98 to 382 KPa for 15 minutes folìow'ing

steep'i ng exhib'its restricted respiratory activity, the degree

of which increases w'ith the magn'i tude of pressure treatment.

Resp'i ratory restri cti on i s greater f or 0Z than NZ pres-

surized graìn

Using a'i r, NZ and COZ Gomez (I97i) applied gas

pressures rangi ng f rom 98 to 588 KPa f or 15 mj nutes f oì I ow'i ng

steep'i ng. He observed that increasì ng gaS pressure caused an

i ncrease i n al I i nd'i ces wh j ch ref lect proteo'lyti c act'i v'ity

but that amyìo'lytic indices d'i ffered little from contnols.

In add'it'i on, the degree of increase in proteoìytic acti vity

with greater pressure 'i s dependent on the gaS used and that
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the gas pressure treatments enhanced GA synthesis and reduced

modification t'ime.

2.3.9 Reduc'i ng Resp i ratory Losses

Eyben and Droogenbroeck ( 1969 ) concl uded that

hydrostati c pressure duri ng steepi ng 'i nh'i bited germi nati on

and reduced mal t yi el d by restrì cti ng GA synthesi s. They

al so noted that exogenous GA does not stì mul ate nesp'i rati on

i n grai ns subiected to hydrostat'i c pressune. hlith these

observati ons i n mì nd, Eyben and Droogenbroeck were abl e to

reduce maìtìng losses to between 2 and 61" by subiecting

steeping barìey at maximum pressure sensit'i vity to a hydro-

stati c pressu re tneatment of 490 KPa for 5 mi nutes. Fol I ow-

ing treatment 20 to 100 mg of GA per tonne was added at the

begì nnì ng of germ'i nati on.

2.4 THE INFLUENCE OF EXTERNAL PRESSURE
ON SEED GERMI NATION

2.4.1 Hvdnostati c Pressure

Enhancement of seed germ'i nation by expos'i ng seed to

hi gh hydrostatj c pressures has proven benefi ci al with some

species (Vidavar and Lue-Kim,1967). Davies (1928) subiected

both Medi cago sati va and Mel i I otu s aìba to hydrostat'i c

pressures of 50 MPa and 202 MPa and observed that shorter

exposures (1 to 5 minutes) at 202 MPa gave h'i gher total

germinatìons foììowing treatment than 'longer exposures (? to
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I hours) at 50 MPa. Follow'i ng treatment, a'i r dnìed seed gave

h'i gher total germi nat'i ons than control seed f or up to 10

months. Exposures of 30 minutes to 20? MPa were iniurious

and al I hydrostatic pressure treatments 'increased the perme-

ab'i ì i ty of the seed coat.

Us'i ng several speci es, R'i vera et aì . ( 1937 ) sub-

jected seeds with hard impermeable coats to hi gh hydrostatic

pressures f rom 2 to 405 MPa at temperatul"es of 0, ?5 and 50"C

for dunations of I to 20 minutes They observed that hydro-

stat'i c pressure treatments f ai led to s'i gn'i f icant'ly 'improve

the germi nati on performance of Med i ca o sati va and Mel'i I otus

al ba sampì es whì ch had a I ower precentage of hard seeds.

Howeve r , hard coated Cladrastìs lutea seed subjected at 25"C

to a hydrostatic pressure of 68 MPa for I to 20 minutes even-

tual ìy produced 100% germi nati on 24 days after treatment.

Controì Cl adrast'i s I utea seed showed a compì ete absence of

germination and other hydrostat'i c pressures were ìess bene-

ficial or injurious. M'icroscoP 'i c examination of Cladrastis

I utea seed foì I owi ng hydrostati c pressure treatment reveal ed

the presence of a coat fracture which was most frequently

observed i n the regi on of the hi I um.

Subj ecti on of Medi cago satì va and Meì'i I otus alba to

hydrostatjc pressure treatments at 0oC improved germinat'ion

performance ì ess than treatments at 18"C (Davi es, L927 ).

Fi nal germi nati on percentages of D'itremexa occi dental ì s wh'i ch

has a hard impermeable seed coat following hydrostatic
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MPa at 0"C were no dif-pressure treatments of

ferent from controì s.

germi nati on Percentages

ethyl ether for 5

abiìity of these

linearìy inhib'ited

7 , 17 and 69

Howeve r , at

of Di tremexa

25 and 50oC

occi dental i s

the final

increased

with greater hydrostatic pressune (Rivera et al. 1937).

Tayìorson and Hendr.i cks (1979) used dilute solu-

tions of the anesthetics ethanol, methanoì, chloroform, ethyl

ether and acetone to overcome dormancy i n Pani cuq cap'i I I are '

Echì nochl oa crus-qal I i and Serari a faberi . TheY concl uded

that the anestheti cs were not osmoti cal ìy act'i ve nor invol ved

metabol.i ca'l ìy, râther that thei r abi ì ì ty to st'imul ate

germination involved theìr respective ìipid solubilities'

Ethanol has been reported to increase the hydraulic

permeab.i I ity of erythrocyte cel I membranes (seeman et al '

1970). Ethanol and other I i qui d anesthet'i cs 'increase mem-

brane penmeability by expandìng and fluidizing the membrane

in addit.i on to increasing the mobilìty of membrane water by

meìtìng membrane bound water of hydrophobic hydrat'i on

(Kui per, lg72). Conversely, ethanol has been reported to

decrease the hydraul'i c permeabi f ity of Ni tel1a membranes

(Kiyasawa, 1975). Hendrìcks and Taylorson (1980) app'l ied

hydrostat j c pressures of 0.1 to 4.0 MPa to imbi bed Pan'i cum

cap'i ì I are seeds i mmersed i n sol uti ons of ei ther ethanol or

observed that thehou rs to 3 daYs .

anestheti cs to

with 'increased

They

p romot e germi nati on was

to a critìcalpressure
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pressure (approx'imately 800 KPa) beyond wh'i ch further in-

creases in pressure faìled to induce greater ình'i bit'i on.

Thus they proposed that hydrostat i c pnessu l"e treatment can

eì ther preVent ot^ reverse membrane eXpansi on caused by aneS-

thet'i cs. They al so asserted that the j ncrease i n membrane

volume is the result of a change in proteìn configuration at

the anestheti c si te of act'ion and that 'in the absence of

hydrostat'i c pressure the change of configuration may either

act i vate a membrane bound protei n i nto en zymi c actj on or

f acìl'itate 'ion transport by openìng a prote'i n tunnel.

Johnson and Flagìer (1950) reported that the nar-

cotic effect of ethanol on tadpoles could be abolished by

hydrostatìc pressures between 13 and 34 MPa and that'in the

absence of narcot'i cs the same increase ìn hydrostatic pnes-

sure itself induced narcosìs. The 'i ncreased solubility of

NZ i n the p1 asma membrane of a di ver at a depth of 9i m

(appnox'imately 1 MPa ) i s enough to ì nduce sevene n'i trogen

narcos'i s (Hoar, 1975). Henderi cks and Tayìorson (1980) used

a'i r to transmjt hydrostat'i c pressures of 0.1 to 4.0 MPa to

Panicum capillare seeds immersed in anesthetics and observed

less than a 50%'i nhibit'i on of germjnat'ion before reaching the

crit'i cal pressure (800 KPa). They concluded

0Z sol ubi ì ity parti a1 ly offset the pressure

anestheti c stì mul atì on.

that 'increased

inh'i bitìon of



36

Vi daver and Lue-Ki m ( 1967 ) measu red the i nfl uence

of hydrostatic pressure and 0Z concentration on LacU_qq

sati va seed germi natj on both duri ng and subsequent to treat-

ment. They reported that with increased hydrostat'i c pressure

the nate of germi nat'i on accel erates more rapi dìy w'ith hi gher

0Z concentrati ons up to a I'i miti ng concentrati on beyond

which rate is independent of pressure provided hydrostatic

pressure nema'i ns constant for the durat'i on of germ'ination.

Further Vidaver and Lue-Kim observed that hydrostat'i c pres-

sure reduced genmi nati on rate when 0Z concentrati on was

I imiting and that greaten concentrations of 0Z increased

the genmi nat'i on rate 'i n both the presence and absence of

hydrostatjc pressune" l.lith incneasjng 0Z concentration,

germì nati on took pì ace up to a hydrostat'i c pressu re of

48 MPa. They also noted that air saturated water (02

concentration 2x10-4 M) uras able to support germ'i nat'i on

up to a hydrostatic pressure of 37 MPa.

Monitoring the influence of short hydrostatic pnes-

sure treatments (I2 to 24 hours) on subsequent germìnation

Vidaver and Lue-Kim t"eported that aerob'i ca'l ìy pressurized

seed took'longer to germinate than anaerobicalìy pressurized

seed following hydrostatic pressure treatment. In addjt'i on,

the reduct'i on i n germi natì on was greater w'ith e'i ther

increased duration and/or magnitude of hydrostatic pressure

t reatment.
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?.4.2 Isotropi c Stress

seed germination can be inhib'ited by soil isotropic

comp¡'ess'i ve stress (Collis-George and Hector, 1966; Collis-

George and lllilliams, 1968; Shaykewich, 1973). The'initi.al

imbibitjon swel'l ing pressul'e of seeds js in the order of 40

MPa and decl j nes wi th water uptake to approx'imateì y 1 MPa at

germi nati on (Shaykewi ch, 1973). Col l i s-George and l.li I l'i ams

(1968) emp'loyed the equivaìency of matric potential and

isotrop'i c stress in saturated systems to identify the cause

of increased germination inhìbitìon with in'itial decl ines 'in

matric potential. They determined that the 'i ncreasing

'i nhi b'iti on wh'i ch occu rred duri ng an i ni ti al decl'i ne 'in matri c

potential f rom 0 to -32.9 KPa was due to increasing 'isott opic

stress and not to a I oweri ng of water free energy. þJi I I ì ams

and Shaykewich (1970) used an unconfined compress'i ve test

wi th decl i ni ng matri c potenti al f rom -10 to -1000 KPa 'i n

evaluating the change in isotropic stress of four unsaturated

soi I s of known cohesi on and sheari ng ang'l e. They determ'i ned

that soi I s with a h'i gh degree of mo j sture retenti on di spìay

the greatest i ncreases i n 'i sotropi c stress and that matri c

potential contributes more to jsotropic stress jn soils of

high moisture retention. Further, the proportion of matric

potential that contributes to isotropìc stress decl'i nes wjth

faìling potential.
Si nce seeds at germi nati on exert a swel I i ng pres-

sure of approximately 1000 KPa, Shaykewjch (1973) proposed

that isotropic stresses in the order of 120 KPa inh'i bit
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seed germination by preventing radicle penetration through

the seed coat. Collis-George and lrlilìiams (1968) app'l ied an

external pressu re to a satu rated sand system and determi ned

an effective isotropìc Stness of 32.9 KPa. Compressive pres-

sures of thi s magnì tude have been reported to severe'ly

i nhi b'it root el ongati on 'in g'l ass bead medi a (Goss , 1977 ).

Axi al growth pressu res of 600 to 2500 KPa (Pfeffer, 1893 '

cited in Gill and Bolt, i955) and 900 to 1300 KPa (Boone and

Veen, 1982) are deveì oped by el ongati ng root ti ps. External

p ressu reS app'l i ed at some di stance f rom the seed compresses

zones of elastic and pìast'i c compression around the seed'

Consequently, the magn'itude of the ef f ect'i ve 'isotrop'i c stress

at the seed surface j s greater than the appl i ed ì sotropì c

stness exerted some d'i stance f rom the seed (col f is-Geonge and

H'i llìams, 1968).

2.5 THT EFFECT OF EXTERNAL PRESSURE ON ROOT GROllJTH HABIT

?.5.1 Growth Pressure and Impedance

conf i ned root ti ps exert axi al growth pressu res of

600 to 2500 KPa (Pf ef f er, 1893, as c'ited i n Gi I ì and Bol t,

1955; Tayìor and Ratliff, 1969). Growth, that is, the irre-

versible p'last'i c extention of cell walls, occurs when a

cell's hydrostat'i c pressure exceeds the conf in'i ng constraints

of the cell wa1l, the surround'i ng t'i ssue and the medium impe-

dance (Tayì or. and Ratl i f f , 1969; Veen , 1982 ). Young grow'ing
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roots do not f orm I ocal constri cti ons. Thus penetrat'i on is

tota'l ly inhibited when the fjxed pore diameter is less than

the root di ameter (l,J'iersum, 1957 ). The abi ì'ity of young

grow.i ng roots to overcome impedance depends on the avai ì ab'i -

l.ity of 02 (G'i ll and Mi1ìer, 1956; Tackett and Pearson'

1964; Hopkins and Patrick,1969) the magnitude of impedance'

nutrient ava'i lab'i lity and the l'i ght intensìty (Boone and

Veen, 1982).

Tackett and Pearson (1964) reported on depth of

root penetration ìn soìls of differing bulk density' In low

bul k dens i ty soì I (1.3 and 1.5 g cm-3 ) depth .of root

penetrationwass.ignificantìyinhib.itedat0?concentra.

tions below l0% and 'i n intermediate bulk density soils (1'6

to 1.7 g cm-3) penetration depth was increased w'ith

greater 0? concentrat.ion. However, iñ h.i gh bulk density

soi I (1.9 g cm-3) root penetration was minimal and 'i nde-

pendent of increased 02 concentration up to ?0%, Simi-

'l arly, Hopki ns and Patri ck (1969 ) observed l'i ttle root pene-

tratjon in three sojìs at e'ither high levels of compaction or

at low o? concentratjon. using a glass bead med'i um G'i ll

and Miller (1956) determ'i ned that the ability of corn roots

to overcome a range of imped.ances from approximately 0 to 500

KPa was impai red by reduct'i ons 'in the medi um's 02 con-

centration from ?O to L%' Goss (I977) app'ly'ing moderate

external pressures of 20 to 50 KPa to barley roots growing 'in
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a gl ass bead medi um wì th aerated nutrì ent sol uti on was abl e

to reduce root eì ongat i on by 50 and 80%. Us i ng the same

technique Veen (1982) impeded corn crown root elongation by

751" with an external pnessure of 40 KPa.

2.5.2 Growth Habìt and Impedance

lrliersum (1957 ) noticed that w'ith increasing impe-

dance lateral in'i tiation took p'l ace closer to the root tip
and that the root tip itself had a wrinkled surface. Gìl I

and Milìer (1956) concluded that the flattened and gnarled

appearance of corn roots grown at appr"oxìmate'ly 140 KPa was

due to the non-symmetn'i cal pressure constraì nt of the gì ass

bead medium used. In an air gap behjnd noot tips confined jn

pìaster of paris Tayìor and Ratl iff (1969) noticed slow root

bul gì ng and a hi gher frequency of I ateral formati on. Usi ng

g'l ass beads to establ'i sh 70 and L60 ¡ln pore systems, Goss,

(I977 ) observed that the distance at which laterals (tSOfm

diameter) were eruptìng through the epidenmis was dependent

on axial (4lO¡Ln dìameter) growth res'i stance and not pore

diameter. In both the 70 and 160 lm pone systems, the dis-
/

tance beh'i nd the root ti p at whi ch I ateral s were i n'itì ated

$,as 30 mm in the absence of external pressure, and 4 mm when

the systems lvere subjected to an external pressure of 40 KPa.

l,lith an external pressure lateral development was onìy inhi-
b'ited i n the 7 O ¡Ln 

porg system. In the 160¡m -system pres-
/sure inh'i b'ition of axia'l growth resulted jn lateral s being
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tw'ice the length of lateral s in the same system when not sub-

j ected to pressu res. Shoot and root dry wei ght were unaffec-

ted by axia'l impedance 'i n the glass bead system (Goss, L977).

Boone and Veen (1982) reported that in soi I abnonma'l ìy h'i gh

root dens'itjes in zones of ìow impedance resulted in reduced

shoot fresh wei ght due to exhaustìon of potassium. Potass'ium

was most ì ì mi ti ng on shoot growth when phosphate was

opt'imal.

2.5 .3 The tnfl uence of Impedance on Root Anatomv

Cel I ul ose mi crof i bri I ori entati on at the root ti p

i s random. The establ i shment of sub-apì caì el ongati on regi on

i s dependent on the mi crof i bri l s devel opì ng an or j entat'i on

penpendicular to the root axis (Green, I974). Veen (1982)

obsenved that the predom'i nant mi crof i bri I or j entat'i on of

mechan'i caì ly impeded corn roots is paral I e1 to the root ax'i s

and ì n consequence 'i s 'inh'i bi t j ng to ax'i al growth. lrl'i I son et

al. (t977) reported that the 'i ncreased radial djameter of

barìey roots under an impedance of 20 KPa occurred because of

an i ncrease i n the number of peri cl i nal d'i vi s j ons of the

epi dermi s, Contex and stel e. Thi s i ncrease i n radi al d'i a-

meter was al so associ ated with enl arged epi dermal and perì -

pheraì cortical cell volumes. A 15% ìncrease 'i n epidermal

cell volumes beyond ?.5 mm from impeded root t'i ps resulted

from greater tangenti al expansj on and reduced radi al and

ì ongi tud'i nal cel I axeS. The greater vol umes of peri pheral



42

cortical cells was due to radial expansion, the longitudinal

axes bei ng reduced. In additì on, the endodermal and adiacent

corti cal cel I s had gneater tangenti al axes and reduced 'longì -

tud j nal and radi al axes, Genera'l 'ly the stel e di ameter of

i mpeded ba r1 ey roots t.laS greater than that found i n uni mpeded

roots even though the number of stele cells between 0.2 mm

and 0.4 mm from root t'i ps was less in impeded roots.

Impeded bar'ley root axes in a glass bead system

deveì oped a waved growth habi t of concave and conVex su r-

faces. Goss and Russel I (1980) observed that, whi I st lateral

'i n'itiation 'i s more f requent on conveX surf aces, root hai r

deveì opment is generaì ly I ìmited to concave root surfaces.

They Suggested that the conveX surfaces were under tensi on

whi t st concave surfaces vtere under compressi on. The normal

pattern of lateral root'initiat'i on ìs acropeta'l . Root bend-

i ng i s thought to cause woundi ng of corti cal cel ì s on the

convex si de of the bend. Ethy'lene produced i n the wounded

region could be responsible for the ìnit'i at'i on and cìumping

of laterals on the convex side of the root bend (NcCul'ly'

1975).

2.5.4 Growth Pressure Verses Im edance
aqnitudes an echan sms

The ext,ent of morp.hoìogica'l modìfication imposed on

growing roots by external pressures of less than 100 KPa

appears to be out of proporti on with axi al root growth pnes-

sures of 900 to 1300 KPa (Goss, !977; Veen, 1982). Modified
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root gro!.lth and morphol ogy by moderate external pressu res

cannot be explained by assuming these external pnessures

s'impìy oppose the enlargement of vacuoles in elongat'i ng ceììs

(Goss and Russeì ì , 1980). Even though radial growth pres-

sures may be 'i n the order of 600 KPa, moderate external pres-

su res of I ess than 100 KPa i nduce an i ncrease i n radi al di a-

meter. This observat'ion demonstrates that external pressure

is not 'infìuencing root growth habit by simpìy acting against

cel I growth pressu re (Wi I son et al . lg77; Veen , 1982 ).

Goss and Russelì (1980) observed that in the ab-

sence of a rootcap, corn axes failed to change their rate of

elongatìon on encountening trivial impedance. Intact axes

showed a three to fourfold reduction in elongat'ion for 10

m'i nutes on encounteri ng the Same resi stance. In addì ti on ,

f o1 ì ow'i ng a peri od of growth under i mpedance, ba rl ey roots

took several days to establ i sh the same gnowth rate of roots

never grown under impedance. The post-constrai nt temporary

reducti on i n ceì I el ongati on suggests that the growth of

cells fonmed under impedance is permanently mod'i fied. Clowes

(1975) noted the proposition that the quìescent centre per-

s i sts due to pressure exerted by the growth of Su nroundì ng

cel I s. In corn the nestrai nt exerted on the qu'i escent centre

by the nootcap i s not bal anced by the restrai nt exerted on

the centre by the cortex and stele. Th'i s unbalanced con-

straint results in the quiescent centre being hemispherical

'i n shape with the root cap abut'i ng the pìane surf ace whì I st
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the cortex and stel e abut the spheri cal su rface. In normal

growth the quiescent centre contributes to the contex and

stele but not to the nootcaP.

Lateral i ni t'i ati on cl oser to the root ti p accom-

pan'i ed by i ncreased rad j al d'i ameter can be i nduced by ethy-

lene and IAA treatments jn the absence of impedance (Goss and

Russel ì , 1980). The tendency f or I ateral s to be cl ose'ly

associated js possibly caused by ethylene production from

wounded t'i ssue. Th'i s vrounding may result from primordium

disruption of the pe¡i cyc'l e and contex (McCulìy, 1975).

Integ¡ity of cell membranes 'is essential, however' if p'lant

t'i ssue 'i s to synthesìze ethylene (Satoh and Esashì, 1980).

14hereas, under i ncreas'i ng mechani cal resi stance the number of

laterals per ma'i n root axis declines in soìls, ìn artificial

medi a the numbeli ncreases prov'i ded lateral extens'ion 'is not

inhibited by pore size (Boone and Veen, 1982). McCully

(1975) noted that the apical meristem of ma'i n roots ình'i bìts

lateral initiation for a distance that varjes w'ith apicaì

growth rate and that an 'i nh'i bi tor rel eased by the root apex

e'ither inh'i bits tissue maturatjon or prìmordium deveìopment.

Further, the di stance at whi ch I ateral s deveì op behì nd the

tip is noticeably shorter in aquat'i c ang'i oSperms and pterì -

diophytes and local appìications of n'i trate st'imulate lateral

development ìn that region on'ly. Finally, where ìaterals are

clumped their ìengths tend to be increased.
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Satoh and Esashi (1980) were able to st'imulate

ethylene production from cotyledons by exogenous applicat'ion

of D-amino ac'i ds. L-amino acids fa'i led to stimulate ethy'lene

synthesis. The most .probable precunsor of ethylene 'i s

L-methionine (Abeìes, 1973) yet endogenous L-methion'i ne

fa'i led to st'imulate ethylene synthesis ìn cotyìedons. It
appears, theref ore, that exogenous D-methi on'i ne whi ch st'imu-

lates ethyìene synthesis is not converted to L-methjonine by

cotyl endon ti ssue (Satoh and Esashi , 1980). Satoh and Esashi

proposed that a stereospec'i f i c receptor si te i n the cel l

membrane changes conf ormati on on bi ndi ng D-am'i no aci d and

that the conformational change st'imulates ethyìene synthes'i s.

Increased impedance could bring about a conformation change

at a receptor si te. Membrane pnotei n conf ormat'i ons are

dependent on hydr^ophobic interactjons which ane particularìy

sensiti ve to pressure (Hochachka and Somero, 1973).

The evol ution of ethylene f rom mechani caì ly 'impeded

pea ep'i coty'l s was f ound to be proporti onal to the magnì tude

of constraint. The ethylene induced a reduction of interno-

dal el ongati on and an i ncrease i n rad'ial dì ameter (Goesch et_

al . 1966 ). Evol uti on of ethyl ene f rom bean noots 'increased

s'i xf ol d one hou r af ter encounteri ng 'impedance and decl i ned

twenty to thi rty hours after the initiation of impedance

(Kays et aì. 1974).

Veen (1982) observed a 75% reduction in the length

of corn roots grown i n a gl ass bead med'i um with an external ìy
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appl i ed impedance of 40 KPa. Soì I with penetrometer res'i s-

tance between 0.9 and 1.6 MPa reduced corn root elongation by

50% (Boone and Veen, 1982). Goss (1977 ) stated that the ex-

ternal pressure appììed to the flexible s'i des of a g'l ass bead

confinement chamber is the same as that eXperienced by a r0ot

t'i p grow'i ng between the glass beads. G'i ll and M'i ì1er (1956)

concluded, that the pressure applìed to a flex'ible dìaphragm

ì mpì ng'i ng on gì ass beads i s I ess than the actual pressu re

confining root growth because of arching. Arch'ing descr'ìbes

the di spl acement of g'l ass beads caused by root growth. For

one bead to be dìsplaced in the fixed system many other beads

in the system have to be d'i splaced. Using a penetro'meter in

a gì ass bead system under constant preSsu re of 490 KPa '

Bar.ìey (1963) measured a 600 KPa increase 'in resistance as

depth increased f rom I to 7 cm. So'i I penetrometer res jstance

i s general ly four times as great as soì I impedance experi -

enced by grow'ing roots (Boone and Veen, 1982). The penetro-

meter^ penet rates the soi I at a much faster rate than a root

and does not take the path of least resìStance. In addjtion,

the penetrometer does not decrease soi I tensi le strength

through radi al expans i on. Decreased tens j I e st rength reduces

the ax'i aì pressure requ'i red f or elongation. However' the

magn'itude of mechan'i cal impedance requi red to induce c0m-

parab'le modifications in 'root growth behaviour is still

app noxi mateì y f orty ti mes greatelin the so'i I than 'in a gl aSs

bead system (Boone and Veen, 1982 ).
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?.5.5 Tortu rositv of Root Gas D'i f f us'i on

Even i n the absence of ethyl ene and mechani cal

constraint, th. 0Z I imited root growth of oats in water-

I ogged so'i I i s pref erenti aì ìy radi al (Bl ackwel I and Wel I s,

1983). Boone and Veen (1982) suggested that 'in a 9'l ass bead

system under moderate external pressure reduced 0Z ava'i la-

biìity is responsibìe for the modificat'i on in root morphoìogy

and gnowth habi t. The root cortex of pea (Greenwood, 1967 '

Armstrong, 1983, Armstrong et al. 1983)' rjce and barìey

(Barber et aì. 1962) as welì as corn (saglì0, 1983) a1ìow

non-tortuous di ffusi on of 0Z i n the 9as phase. Barber et

al. (Lg62) measured the change 'i n tuo, activity of

barì ey and ¡i ce roots 15 cm from the grai n when grown i n

aerated water. These measurements were taken duri ng and

af teri ni t'i al exposure of the shoots to tUOr. hlh'i I st

i t waS possi bì e to measure the rate of appearance and d'i s-

appearance of activity in rice, it was only poss'i ble to

measure the dì sappearance of acti v'ity jn barley. The nate of

change ì n act'i vi ty was f ound to be dependent on the

cross-secti onal area of root gas spaces. þJhereas, gas space

'i n ri ce varied between 5 and 30%, in barìey it was below l%.

Barber et al . concl uded that the degree of gas space

deveì opment ì n ri ce i s an adaptati on for waterì ogged condi -

ti ons, and that unl i ke ri ce, the rate of 0? di ffusj on

through the conti nuous gas Spaces of the barl ey root
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cortex woul d be i nadequate to susta'i n the respi ratory re-

qui rement of the meri stem.

Bryant (1934) observed that when compared to barl ey

roots grown i n aerated Hoagl ands sol uti on, roots grown i n

non-aerated sol uti on showed a l5% i ncrease i n dj ameter,

aerenchyma f ormati on and I ateral 'i ni t'i ati on cl oser to the

root ti p. tthyl ene rather than 0Z stanvatj on has been

reported to cause lys'i genous arenchyma formation in poor'ly

oxygenated corn roots (Campbeì I and Drew, 1983). Unì mpeded

corn root cortical gas space ìs essential 'in maintainìng the

cel ì charge i n root tì ssue cl ose to the grai n. Neverthe'less ,

unimpeded corn root gaS space inadequately ventilates the

root meri stem to sustai n growth. In wheat Burstrom (1959 )

observed that the greater cross -sectj onal anea of 9as spaces

coupled w'ith radjal growth rather than ax'i al is related to

the flooding of gas filled root intercellularies. Moreover,

there i s no si gnì f i cant d'i f f erence between the respì ratory

activity of the apices of flooded and non-flooded roots and

that the fl oodi ng of i ntercel I uì ari es does not i nduce radi al

growth i n preference to axi al growth i n an 0Z atmosphere.

Burstrom al so observed that intercel I ulary floodìng can be

induced by auxin inhibition of elongation, calc'i um def iciency

and by squeezing gas out of excised root. t.Jooìley (1983)

noted that roots cultured in nutrient solutionS ma'i nta'i n

i ntercel ì ul ar a j r spaces whi ch under anox'i c condi t'i ons
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'immedi ateìy f I ood to gi ve the roots a trans I ucent water

s oaked appea rance.

}.lith 'i ncreasing root length diffus'i on path nesjs-

tance for pìant aeratjon does not'increase in ììnear fash'i on.

Resp'i ratory demand, rad'ial leakage and the

laterals result in an inabiìity to detect 0Z

of anoxi caì ly grown pea roots greater than 7 .

de ve I opment of

in the apices

5 cm 'i n length

( Armst ron g et

p'i rat'i on rate

t'i ssue. l.lith

dent on the g r'owth

l. 1970

al . 1983). The root apex has the maxi mum res-

and the hi ghest 0Z permeabì'l 'ity of al I root

i ncreasi ng root length the apex becomes depen-

med'i um for 0Z to susta'i n nespiration

( Lu xmo re

potass'i um

et a ) Burstrom (1959) in observing that

hydroxide flooded the root apica'l 'intercellularies

of culture grown wheat noots concluded that they contaìn

almost pure C0Z. Further, Burstrom pnoposed that low

apìca1 C0Z permeab'i ì'ity in the absence of aux'i n and calcjum

deficìency is responsible for an ap'i cal intercellu'lar'ly C0Z

p ressu re exceedi ng 101 KPa. The excess pressu re faci I i tates

the formation of conti nuous gaseous intercel I ularies. 0nce

intercellularjes are flooded the cond'itjon is permanent even

'i n an 0Z atmosphere. New .intercel ì ularies f lood on f orma-

tion and are'larger in dimension than gaS intercellularies.

The floodìng of intercellularies is followed by 'incneased

radi al growth and a decl i ne 'in axi al el ongati on.
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Fedeel (l 964) usi ng a pH el ectrode ìnvesti gated the

C0Z tens'i on of natural and chlorophyllous roots grown res-

pecti vely i n aerated nutri ent sol uti on and cuìture medi um.

He determined that natural root C0Z concentration (grown in

aerated nutri ent sol uti on ) i s greater at the end zone of

elongatìon and 'i n the zone of maturation than at the root

tip. Further, he reported that the C0Z concentratìon of

culture-grown roots is twice that of roots grown 'in aerated

soìution and that the epiderm'i s offers considenable

resistance to C0Z d'iffusion. Culture-grown roots were

observed to have greater di ameters ' ìarger intercel I ular

spaces and greater corti cal cel I vol umes.

2.5.6 Non-wettabl e Gas Spaces and Pressure

t'|oo'l l ey ( 
.|983 ) proposed that the hì gh sol ubi I i ty of

C0Z rendered unìikely the maintenance of gaseous inter-

cellulari es by C0Z pressure. Sorokin (1966) on examjnjng

oat col eopti I es suggested that two di sti nct types of i nter-

cel I ul ani es ex'i st. The f i rst type consi sti ng of water l'i ned

a'i r passages continuous with the external atmosphere. The

Second forms a discontinuous system lined w'ith a plastic

lip'i d membr^ane which allows the diffusion of C0Z but not

02 and N2. l¡loo'l ìey (1983)' af ter observing that water

vJas unable to penetrate into corn root systems in the absence

of pt'essure to a depth greater than one cell, concluded that

the 'i ntercel ì ul ari es of I'i v j ng ti ssues are I i ned with a

hydrophobi c ì ayer. It was noted, however ' that oi I s
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1aith lower v'i scosity than waten f ai led to penetrate such

intercellularies. Sonokin (1966) proposed that when the

plast,ic lìpid ìayer is cut during sectioning it immediately

Seals off the 'i ntercelluìary and thereby prevents the escape

of the gas. Rol and (1978) reported that the formatì on of

'i ntercellular gaS Spaces'in'immature tissue of stem and root

apices is initiated by the med'i um deposition of a sp'l itting
layer ìn the middle lamella. The sp1ìtting ìayer is resis-

tant to pect'i nase and cel I ul ase acti v'ity but has dì st'i nct

phosphatase act'i vity. Immediately following spìitting layer

depostion cell walls move apart by a prec'i se autolytìc pro-

cess involving no sweììing of the middle lamella. The intna-

mural cav'ity formed 'i s lined cont'i nuous'ly w'ith a th'i n (10 to

20 llJn) lipophilic fìlm derived from the spìitting 'l ayer.

Thi s fi I m consti tutes a ba rri er to the aqueous phase. The

intramural cavities ìn immature t'i ssue contain most'ly C0Z

and funct'i on primarily 'in C0e export. These 'i ntramural

cavìties are formed in continuity wjth, ôrd eventual ìy con-

tribute tO, an 'i rregular gaseous system by anastomosis

involving ce'l ì wall mod'i fication, tearing and d'i s'i ntegrat'i on.

The mechani sm by whi ch api cal i ntramural cavit'i es are f ormed

j s di st'i nct f rom that mechani sm i nvol vi ng I amel I a swel ì'i ng

and the subsequent wall f issjon by which hydrophilic cav'it'ies

are formed in other tissues

Increasi ng the external pnessure app'l i ed to roots

not only compnesses the gas phase but al so 'increases the sol -

ub'i I i ty of the gas phase. The 'increased so'l ubi ì i ty of the
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gas phase does not influence the degree by which root density

i ncreases to the same extent as gas compressi b'i I ity (Carsten-

sen et al. 1981). The high concentration of C0Z in the

ap'i ca'l intercellular spaces cannot be ach'ieved by independent

di ffusi on. The permeabi I i ty of the cavity membrane must be

i nf I uenced by some mechani sm wh'i ch prevents the establ'i shment

of an equi'l j bri um sol ut'i on 'in cel I wal I f ree space (Soroki n,

1966). Under increased pressure the viscos'ity of f ipids

'i ncreases and th i s may l i m'it reacti ons wh'i ch depend on di f -

fus'i on (Hochachka and Someno, 1973). However Berezin g.!_ al.
(1974) usi ng a protei n-prote'i n i nterat'i on (enzyme system)

supported i n a poì yacnyl ami de gel as a membrane model repor-

ted that the rate of interact'i on'initiaììy increases with gel

concentration up to a crìt'i cal concentrat'i on. Beyond this

the rate of interaction fal I s to zero. Above the critical
concentrat'i on mechan'i cal compression (101 KPa) of the gel

causes an i ncrease i n the rate of i nteracti on proporti onal to

the degree of compressi on. Th'i s rate accel erat'i ng ef f ect of

compnesssion is revers'i ble. Berez'i n et al. suggested that

as the gel concentration nears the crit'i cal concentration,

the si ze of the gel pores . app roaches that of the d'i f f us i ng

p rotei n g'l obul e and that the rate of react'i on depends on the

number of pores with di mensi ons greater than that of the

g1 obuìe. The number of pores above the critical dimensi on

fal ls to zero at the critical concentration. Upon compres-

sion the dimensions of the incompress'ible /constant volume gel
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al ter, such that the area of its su rface facet i ncreases

whi I st 'its cross-secti onal area decl i nes. Berez'i n et al .

proposed that the change of d'imension increases the number of

gel pores above the critical dimension of the diffusion
protein globuìe and thereby allows d'iffusion to recontinue.

It is conceivable that such a system could chemically amplify

weak mechanical stimulation (Berez'i n et al . L974). Deforma-

tion of leaf cells by bendìng or rubbing and in the absence

of woundÍ ng has been reported to doubl e the respì rat'ion rate

of chenry laurel leaves (Andus, 1935).

l.looì'l ey (1983 ) reported that anoxi a and cel I death

cause the l'i pophjlic apical cavities to become flooded with

water. This suggests that the li vìng protoplast must exent

an influence on the orientation of molecules in the lipo-
phì lic ìayer. However, th'i s would be incons'i stent with the

theory of cell wall free space. Kuiper (1972) noted that in

roots, membrane hydrostati c permeabi ì ity has been reponted to

i ncrease with hydrostat'i c pressure up to several atmospheres.

The decrease i n membrane hydrophobi cì ty of root cel I mem-

bnanes whi ch accompani es i ncreased hydrostati c pressu re may

result from an increase in the exposure of hydrophììic
groups. Thìs 'increased exposure is brought about by confor-

mat'i onal changes i n 'l i poprotei n and the poì ari zati on of jce-

I ike membrane water.

Barber and Gunn (197 4 ) observed that as pore si ze

decreases i n a non-ri g'i d g'l ass bead system the total exuda-
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ti on of am'i no ac'i ds and carbohydrates exuded by bar'l ey and

corn roots increases. Coster et al. (1977), after not'i ng

that the pl asma membrane of ten appears to be mechani ca'l 1y

coupl ed to the cel l wal l , proposed that stra'i ns i nduced "in

the cel I wal1 are transm'itted to the membrane. These strai ns

could result in a reduction'in the thickness of the membrane.

Long-term strai ns are probab'ly accommodated by the 'i ntroduc-

tion of new molecules into the membrane whìch re'i nstates the

membranes ori gi na1 properti es and poss'i b'ly al I evi ates the

strain effect. The addit'i on of new membrane molecules may

not occur however duri ng short-term strai ns and consequently

permanent modification of the membrane could occur.
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CHAPTER I I I

GENERAL MATERIALS AND METHODS

3.1 BIOLOGICAL MATERIALS

3.1.1 Grain Varieties

The prìncipal graìns used

Hordeum vuì gare var. ArgY'le and

ìn this study were

Hordeum vul a re va r.

Bonanza. Argyl e and Bonanza are 6 row bl ue al eu rone ba r'l eys.

Bonanza i s a recommended maì ti ng vari ety grovrn throughout the

Canadian Prairi es. Argyle 'i s st'i ll undengo'i ng plant scale

ma'l ti ng and brewi ng tests.

The bul k samp'les of Argyìe6 and Bona nruT were

s'ievedS i nto graì n f ract i ons 5*, 6*, 7+ and 8+

(Table 1). The predomìnant grain size (width) fraction in

both varieties tlras the 6+ (¿ ?.4 <?.8 mm) fraction. This

f raction of both barley varieties vì,aS used f or al I experì -

ments.

6Canada Grade Regi stered No. 2

Crop Cert. No. 82-6433879-22
Seed Seaìing Cert. No./Lot No.

TCanada Grade Certi fi ed No. 1

Crop Cent. No. 80-7504005-47
Seed Sealing Cert. No. lLot No.

4-51185

80-M114

SSieves manufactured by Cuthbert Co. Ltd., W'innipeg.
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The two othe r gra i ns used i n the study wene Hordeum

vul a re var. Scout and Triticum aestivum var. Columbus.

Scout is a 2-row yel'l ow aleurone hulless feed barìey. Colum-

bus is a Red Spring wheat of bread mak'i ng qua'l ity.

3.2 APPARATUS AND PROCEDURES

3 .2.1 Steeping

Pri or to steep'i ng, graì n was stored ì n opaque pl as-

tic bins at 5oC. The simpìe steeping apparatus consisted

of a clear plastic cylinder (8.5 x 37 cm), closed at one

end and immersed (to a depth of 30 cm) in a waten bath (20

l.itres) at 15oC. Steeping of 170 g grain samp'les in I.25 L

of water was uni nterrupted. Cool ed compressed (approxi mateìy

196 KPa) ai r, during steep'i ng, continuousìy entered (67 .r3
1sec-I¡ the steep via an air port ìn the submerged closed

end. tlJith the except'i on of steeps where grai ns rece'i ved a

prel i mi nary surface steri I i zati on, steep water was changed

every 10 hours. Graìn surface sterilìzation involved an'ini-

tial 2 hour steep in water followed by 2 hours of steep'i ng in

l% sod'i um hypochlorite. The graìn r,,,as then washed in running

water (15 to 16'C) for hal f an hour before bei ng fi nal ìy

retu rned to a water steep. Steep water was subsequent'ly

changed every 10 houns.
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3.2.2 Pressure Treatments

A Torbal model AJ-2 vacuum chamber (Tors'i on Bal ance

C0, Cl'i fton N.J. ) was modif ied to wìthstand 'i nternal pressure

by removing the 0-ring ald placing a sheet of rubber (1.3 mm

thick) between the ìid and lip of the (3.26 L) chamber. In

add'ition to the standard lid/chamber clamp, four small

G-c'l amps were used to ensure a pressure t'i ght seal.

An i nl et val ve 'i n the chamber I i d was attached to

an air line, the internal pressure of whjch was controlled by

a regu'lator. A separate outl et val ve i n the chamber l'i d v''as

used to evacuate the chamber to atmospheri c pressure after

t reatments. Pressu re readi ngs du ri ng treatments were taken

from pressure gauges bui lt into the chamber I i d and on the

a'i r l'i ne between the lid and regulator.

Hydrostatic pressure treatments were achieved by

immers.i ng each grain sampìe'i n water contained within a 250

ml beaker. The beaker waS then placed 'ins'i de the pressure

chamber. Compressed ai r was used to mimi c hydrostati c

pressures of 96.5, L44.7 and 193.0 Kpa.

Due to the nature of the apparatus it was not p0s-

s'i ble to apply or release pressure instantaneousìy. Compres-

sion and decompress'ion times for treatment magnitudes are

g'i ven in Table 2,

3.2.3 Germi nat'i on En v'i ronment s

Foì 1ow'i ng steep'i ng, treated and control

I es were set to conti nue growth 'i n pet ri -di shes

grai n samp-

or modified



TABLE 2. Compress lon and decompresslon tlmes for treatment pressures.

Hydrostat I c
Magnlt

Pressure
udel

Tre a tme nt
Duratlon2

60

50

20

l0

60

50

20

10

60

JO

20

10

Comp res
Tl me

Decomp re
Tlme

sslon
2

App rox I mate
Chamber Vol ume

2.8

2.8

o .34

0.1

2.8

2.8

0.5

0.5

2.8

2.8

0.1

0.3

3
slon
2

I 91.0

1 93.0

195.0

1 9J.0

144.7

144.7

144.7

144.7

96.5

96.5

96.5

96.5

9

9

3

3

I
I
2.5

2.5

6.6

6.6

<2.5

<2.5

beaker

water

10

l0

3

3

9

9

2.5

2.5

8

I
<2.5

<2.5

and where

ballast, for

lHydrostatic pressures were measured in PSI and converfed to KPa.
lTlmes are expressed in seconds.
5F.or the total chamber volume of 3.26 I ltres, the estlmated water,
-approprlate bal last volume have been subtracted'
4chamber volume was reduced by approxlmately 9ol, uslng a gravel and
treatment duratlons of 1 0 and 20 seconds.

(tl
ro
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germi nati on boxes. Each petri -di sh (9 cm Fì sher brand) had 2

filter papers (t.lhatman N0.1, or in the case of Plates 1 to 6

I,lhatman 29) pìaced'i n'its base. The water retent'i ve proper-

t i es of lrlhatman 1 an d 29 paper types has been reported to

produce the Same germi nation energy and water-sensjti vity

test results for gna'i n sampìes (0'Farrell 1983). Usuaììy 20

grai ns were pì aced i n each petr j -d'i sh, however i n one experi -

ment (reported Section 5.6) 50 grains wene pìaced 'in each

dish. Although water-sensitivity has been noted to be influ-

enced by grain orientatìon (Hough et al. 1971), grain orient-

at'i on in all experiments reported jn this study rras random.

Di sti I I ed water uras pl aced 'i n each di sh, the vol ume i n each

case be'i ng determ'i ned by the experìmental obiecti ve. Al I

petri-d'i shes were fina'l ly sealed with paraf ilm before being

pìaced in a dank genminatìon cab'i net at 15oC.

Genminat.i on boxes (11.5 cm square and 3.5 cm deep)

were modified'i n an attempt to more closeìy reproduce a malt-

'i ng floor germ'i nation environment. Five corkS were g'l ued up-

right to each box base in such a fash'i on that they supported

a 11 x 11 cm piece of wire mesh (2 x 1 mm window screen)

placed'in each box. The mesh rllas held in p'lace on the corks

by thumb tacks. In al I experiments where germi nati on boxes

were used, 80 ml of di sti I I ed water was pl aced i n each box

bringing the water level approx'imateìy half v',ay up the height

of the corks. Gra'i ns (100) rllere pl aced on top of the w'i re

mesh where they could cont'i nue to genminate at 100% RH
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w'ithout being 'i n contact with a free film of water. 0n the

internal surface of each box lid a mo'i st 11 cm diameter What'

man No. 3 fi Iter paper was placed. This reduced the pos-

s i bi I ì ty that water drops caused by smal I temperatu re fl uc-

tuati ons , mi ght form on the i ntennal su rface of the 1 i d and

fal I on the grai n lyi ng on the mesh bel ow. Fi naì ly al I boxes

were sealed with paraf i ìm and p'laced 'i n dark germinat'ion

cabinet at either 15 or 25"C.

3.3 STATISTICAL ANALYSIS

3.3.1 Method

Data was anaìysed us'i ng the Stati st j cal Analysì s

System (SAS) Package and the Unjvers'i ty of Manìtoba Amdahl

computer.

3.3.2 Analysis

Analysi s of vari ance was conducted on experi ments

(completely randomized desìgns) test'i ng for sign'i ficance be-

tween treatments (Hydrostati c pressure or no pressu re ) and

for interactjons, pfêssure magnitude, pressure duration,

ger"mination water volume, gêrmination temperatu¡'e steeping

time, germìnation t'ime and 0Z consumption time.



62

CHAPTTR I V

HYDROSTATIC PRESSURE INHIBITION

4.1 Introduction

The results of three experiments are presented in

thjs chapter. The fi rst experìment investi gated the suita-

b'i I i ty of the chosen steepi ng techni que. The second experì -

ment compared the ef f ect of a'i r pressure and hydrostatic

pressure on grai n chìtti ng and root growth. The thj nd and

f inal experi ment i nvol ved an attempt to determ'i ne the

influence of hydrostat'i c pressure magnitude and durat'i on on

chi tti ng and root growth.

4.1.1 Stee 1ng Techni que

The obiecti ve of thi s fi rst experiment was to

eval uate the perf ormance of the si mpl e steep'i ng apparatus.

For sati sf actory modi f i cat'i on steep'i ng shoul d end w'ith a

gra'i n moi sture content of 43 to 461, w.wt. Grai n si ze, PFo-

te'i n content, in'it'i al mo'i sture and steeping technique all in-

f I uence the rate at wh'i ch steep-out moi stu ne 'i s atta'i ned.

Steeping curves for two bar'l ey vari eties rltere obtained in

order to determine the optjmum Steep durat'ion and appropriate

pressure treatment time.
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4.1. ? l4ateri al s and Methods

0ne hundred and seventy gram samp'les of Angyle and

Bonanza v,,ere conti nuously steeped w'ith aerati on at l5'C for

50 houns. Steep water was changed every 10 hours. Mean per-

cent moi sture on a wet wei ght basi s was determi ned duri ng

steeping from repìicate grain sampìes. Four replicates each

contai ni ng 50 grai ns were taken from the steep at each sam-

p'l ing time.

4.1.3 Results and Discussion

steepjng curves for Argyìe and Bonanza are shown in

Figure 1. The general form of the curves was sjmìlar for

both varieti es. Hater uptake 'i n the aerated steep appeared

to be compri sed of two di sti nct peri ods. The fì rst perj od

(approximateìy 0 to 10 hours) u,as characteri zed by rap'i d

water uptake (imbibit'ion) to mojsture contents of 33 to 37%.

During the second period (approximateìy 10 steeping hours

onward) water uptake continued at a slotlter l'i nean rate to a

mo'i sture content of approximate'ly 45% at 50 steep'i ng hours.

Steep-out moi stu res f or Argyl e and Bonanza wene ach'ieved

af ter 38 and 28 steep'i ng hours respecti veìy.

Tradjtiona'l 'ly steeped bar'ley'is considered to d'i s-

play a tri -phasi c pattern of water uptake (Brookes et al.

1976). Qther seeds ê.9., Allium cepa, Daucus carota

germi nated i n petri -d j shes al so show the tri -phas'i c pattern

(Bewìey and Black, 1978). Brookes et al. (1976) noted that
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Phase I (imbibit'i on)'is a phys'i cal process which may last be-

tween 6 and 10 hours, duri ng whi ch ti me grai ns may atta'i n

mo'i sture contents of approximate'ly 321,. t,Jith'i n 6 to B hours

f rom the i ni ti ati on of steep'i ng, both Argyl e and Bonanza

reached moi stu re contents that woul d be associ ated wi th the

completion of Phase I. In the tri-phasic pattern of water

uptake, Phase II (which may last 10 to 12 hours) involves a

cessation or slowing down of waten uptake. In the simp'le

steep'i ng apparatus the rap'i d 'i ni ti al perì od of water uptake

wh'i ch characterized the fjrst 6 to 8 hours r.tas followed by a

second period of continuous water uptake at a slovter rate.

During the pe¡i od of steeping t'ime where phase II m'i ght be

expected to have occurred, AFgyle and Bonanza reached mois-

ture contents in the range of 37 to 42%. Such moisture con-

tents are usual'ly associated ìn the tri -phas'i c pattern w'ith

Phase I I I acti ve water uptake. It appeared that j n the aena-

ted steepi ng apparatus water uptake v{as conti nuous and that

ei ther Phase I I waS absent or compressed to a much shorter

duration.

The initiation of Phase III has been assoc'i ated

wìth vis'i ble signs of germination (testa/pericarp rupture)

( Bewl ey and Bl ack, 1978 ) . The ruptu re of the testa coi nc'i des

with a rise in grain aerobic activity (Ra declines to near 1)

f oì'l owi ng a respi ratory I ag wh'ich 'is thought to be i mposed by

the lowe î 0Z permeabi ì'ity of the 'i ntact hydrated testa/

penicarp. In the simple steeping apparatus a small fraction
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of the bar'ley gra'i ns coul d be seen to have swol I en col eo-

rhizas at 22 hours. At 28 hours mone than half the graìns

had swol I en col eorhi zas and at 44 hours a si mi I ar proporti on

of grai ns reached the state where thei r radi cl es had erupted

through the col eorhi za.

Duri ng Phase I I metaboì i c events are proposed to

occur which are prerequ'i s'ites for the in'it'i ation of Phase III

(active water uptake) and v'i sible genmjnation (Bewley and

Black, 1978). The steeping curves suggested that Phase II is

mene'ly the consequence of anoxi a and/or narcos'i s and that the

conti nuous turbulent aeration of the steep supported acti ve

water uptake foìlowing imb'i bition and prior to testalperìcarp

rupture. ||later associated with the coats of trad'itjonally

steeped grai n or seeds in pet¡i -di shes is probab'ly rapidìy

deoxygenated and relatively immob'i le lim'iting gas movement to

di ffusi on. þlater bound to the testa, peri carp and husk of

grain in the aenated steep was like'ly to be mobile or in

contact wìth mob'i le water (due to turbulence) a'l lowing gas

movement by mass flow. In addition, steep water may have

been nean saturati on for the parti a1 pressure of 02 i n the

a.i r stream. Barton and McNab (1956), c'ited in Hegarty (1978)

reported that oxygenat'i on caused excess i ve water uptake by

Phas eol us vul qari s seeds. The poss'i bi l'ity that restri cted

0Z permeabi lity is responsible for Phase II could perhaps

be determ'i ned by monitorin.g the moisture uptake of grains

germi nati ng 'i n di ì ute HZ0Z'

The moisture points for both varietjes varied with

i ncreased steep'i ng time such that grai n moi sture appeared to
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decl'i ne 'i n some 'i nstances. Brookes et al . ( 1976 ) noted that

3% of a steeping grain's mo'i sture is assocìated with the husk

surf ace. Bef ore determi ni ng wet wei ghts gra'i ns vJere bl otted

between paper towel s to remove eXcess su rface water. Vari -

ati on i n the di stri buti on of gra'i ns between towel s duri ng

blotting as well as varying blotting pressure and duration

may have been responsi bl e for some of the extraneous decl i nes

in gr^aìn mo'i sture with ìncreasing steep'i ng time. However'

i rrespect'i ve of th'i s source of error, Argyle showed a s'i g-

nificantìy (p = 0.05) slower rate of water uptake than

Bonanza.

The di fference i n water uptake between the two

vari etì es coul d be attri buted to thei r di fferent grai n si zes.

Although 6+ (2.4 mm fract'i on) grain of both variet'i es was

used for steepi ng, the proporti on of smal I 6+ grai ns tended

to be greater i n Angyl e 6+ fract i ons than Bonanza 6+

fracti ons. Thi s dì fference between the vari ous proporti ons

of gna'i ns of d'i fferent si zes withi n a s'i ng'l e genera'l si ze

f ract'i on was not ref lected i n the thousand corn (grai n )

weight (Table 1) of Argyìe (38.14 g) and Bonanza (37-47 g).

Gra i ns of Argyl e were however , determi ned to be denser than

those of Bonanza (Tabl e I ). Thus the sl ower water uptake of

Argyì e was probab'ly the consequence of greater endosperm den-

sity and/or tighter ìess elongated grain husks. Brookes et

al. (1976) noted that 1arge. gra'i ns initiaìly absorb water at

a f aster rate than smal I gra'i ns and that smal I grai ns only

have a percent mojsture greater than that of large grains

after prolonged steep'i ng (88 hours). Gra'i n s'i ze therefore

appeared to be the determi nant f actor govern'i ng the rate of
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v,,ater uptake. Ehrich and Kne'i p (1931) cited in Brookes et

al. (1976) reported that barìey samples with the lowest

nitrogen (N) content absorb water faster and malt sooner than

grai ns with h'i gher contents. The percent protei n val ues f or

steeped Argyl e and Bonanza were 11.8 and I 3.1 respecti Ve-

ly9. The lower nitrogen content of Argyìe may have offset

some of the di fference i n water uptake rate between the two

vari eti es determ'i ned by grai n si ze al one.

4.2 AIR PRESSURE VTRSUS HYDROSTATIC PRESSURE

4.2.1 Introducti on

Davi dson and Jangaard (1978) reported on the del et-

erious effects of hydrostatic pressure at steep-out. Because

of thi s it was.cons'i dered reasonabl e to attempt f i rst to mea-

sure a hydrostati c pressure effect on graì n steeped to a

moi stu re content of 43 to 461ø, Previ ous results (Secti on

4.ì.3) indicated that Bonanza steeped for 28 hours would

have a mo'i sture content with'i n this range. For comparat'i ve

purposes an attempt at measuri ng an ai r pressure effect was

al so made. Although Eyben and Droogenbroeck (1969) had been

unabl e to detect any del eteri ous effects of ai r pressures at

294 KPa, they had detected a sl i ght depnesss'i on of respì ra-

tory activity at h'i gher pressures. Gomez (1971) neponted de-

pressions in respi natory act'i vity induced by gas. preSSureS of

98 KPa. In addition, he further noted that these depressions

were greater for grains pressuf ized unde, 02 than N2.

9D.termì ned
centage of

by
dry

Kjel dahl techn'ique and expressed as a per-
wei ght.
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4.2.2 Materi al s and Methods

Bonanza gra'i n yJas steePed, w'ith conti nuous aerat'i on

for 28 hours at 15oC. Sampìes wer"e then subiected to ejther

an ai r or hydrostati c pressure treatment of 193 KPa for 60

secondS. From each treatment sampì e s'i x petri -dì sheS , each

containing 20 grajns, 2 l,lhatman No. 1 f ilter papers and 4 ml

of water rrJere set up. Sìx control dishes were also set up in

a similar manner. Al ì dishes were then pìaced 'in a germina-

tion cabinet at 15oC to allow growth to continue. Seventy-

two hours aften treatment (100 total houns) the number of

ch'ittedl0 g.ai ns and the total root dry wei ght of each

treatment and control repì i cate was determi ned.

4.2.3 Result and Discussion

The results of the effect of a'i r pressure and hy-

drostatic pnessure on 100 hout' root dry weì ght and chitted

gra'i n number are pnesented i n Pl ate I and Tabl e 3. Pl ate 1

clearly depìcts the inhibitory 'influence of hydrostatic pres-

sure on gra'i n chitti ng and root growth. Cl ose observati on of

control grain (Pìate 1) revealed that coleopti'le extens'ion

under the husk in many ìnstances had reached the full ìength

of the grai n. It ì s an approxj mate rule of thumb that when

the col eopti ì e has extended the fu I I I ength of the grai n ,

modification of the endosperm ìs complete (Hough et al.
(1971). In contrast, the coleoptiìes of gra'i ns subjected to

hydrostat'ic pressure were not as extended even in those

10Cn'itted is used throughout this thes'i s to descri be
grai ns where the nadi cle has emenged through the
coìeorhiza.
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Plate 1 The effect of hydrostatic
Grains wene steeped fon 28
( 193 KPa for 60 seconds )
a I I owed to cont i nue gnowth
'i ng 4 ml of water. Gra'i ns
treatment (100 total hours

pressu re on root growth.
hours pri or to treatment

. The grains were then
in petri -di shes contai n-
are shown 72 hou rs after

).
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TABLE 5. The effect of hydrostattc pressure and alr pressure on fhe 100 hour root
dry welght and chltted graln number of Bonanza steeped for 28 hours at 15oC.

Treatment Mean Total Root
Dry Welghtl

Mean Root Dry Welght
Per Chltted Graln

Mean Number

Chltted Graln

(Control )

Atr PressureS
Hydrosfatlc Pressure

24.67 a2

16.40 b

3.98 c

I

I

0

3t
33

53

a

a

b

18. l7 a

12.83 b

7.5.0 c

cv 12.14 12.27

lnoot dry wetghts are expressed tn mllltgrams and corrected to two dectmal
p laces.

2Parameters valuês wlthln a column followed by the same alphabetlc subscrtpt
are not slgnlflcantly dlfferent at alpha 0.01 (Duncanfs multlple range tesf).

5Pr"""r." treatments were conducted at a magnttude of l9l KPa for a duratton
of 60 seconds.

13.44
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grai ns hav'i ng root deve'l opment. Pl ate 1 al so depi cts the

observed inhibitory effect of a'i n pressure on grain chittÍng.
Those grains which chitted foìlowing subjection to air
pressure di d not appear to have retarded semi nal root growth

or i nhi b'iti on of col eopti ì e extenti on.

Table 3 re-enforces cur.sory observation of plate l.
Mean total root dry wei ghts and mean numben of chjtted grai ns

for each treatment were si gni fi cantìy (p = 0.0i ) di fferent.
However, wh'i I st root dry we'i ght per chi tted gr^ai n f ol'l owi ng

hydrostati c pressure was si gni fi cantìy less than control
grai ns, dry wei ght per chitted gr"ai n f oì I owi ng a'i r pressure

was not. Apparently a'i r pressure onìy inhibited grain

ch'itting and not root growth. In comparìson, hydnostatjc
pressuf"e appeared to inhib'it both chitting and root growth.

The sign'ificant reduction 'in chjtted graìn weight following
hydr"ostati c pressure may have s'i mply resulted f rom del ayed

ch'itting. However, mean root dry wei ght per chitted gr.a'i n

fo'l lowìng a'i r pressure v',as not significant'ly dìffer-ent from

that of control graì ns. Therefore hydrostati c pressure

inhibition of root growth, rather than delayed chitting,
appeared more 'l ikely to be nesponsible for reduced root

growth.

The'i nhibitory effect on grain chittìng of the 193

KPa 60 second a'i r pressu re treatment was unexpected s'i nce

Eyben and Dnoogenbroeck ( 1969 ) were unabl e to detect any

v'i sible effect on genmìnation with a treatment of zg4 Kpa.

&
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They dìd not, however, report the duration of their air" pres-

sure treatment. Gomez (L971) found that gas pressures of 9g

KPa fon 15 minutes restri cted the nespi natory acti vity of

steeped grai n, ôñd that the restri ctì on was greater for
grai ns pressure treated unden a'i r than Nz. He al so obser-

ved that the restrict'i on of respìratory activity was tempor-

âf'J, and that 'it was followed by a rapid acceleration of

respiratory act'i vity to ìevels above that of control gra'i ns.

Th'i s heightened level of respiratory activity was greater for
gra'i ns treated unden ai r than Nz and 'in both cases culm jna-

ted jn treated grains germinating more rapidly than

control s.

As a'i r pressure increases the greaten part ja'l pres-

sures of 0z and Nz results in incneased sol ub'i ì ìty of

these gases. At a pressure of 101 KPa in an 0Z atmosphere

the level of d'i ssolved 0Z 'i n mammaljan tissue becomes toxic
ìn less than half an hour (Hoar, 1975). Increased t'i ssue

act'i vity reduces the ti me f or the toxi cì ty to take ef f ect.
In plants different divisions and tissue types display vary-

i ng degrees of tolerance to 0Z toxi city. Angiosperms and

tissue with hì gh rates of metabol ism are general ly the least

tol erant o

The mechani sm of 0Z toxi c'ity i s not c1 ealy under:-

stood. However toxi c I evel s of OZ are thought to bl ock

metabolic pathways associated with oxidative phosphorylat'ion

(Hoar, 1975).
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N'itrogen toxi ci ty i s the primary cause of narcos j s

'i n mammalian tissue resp'i ring under compressed a'i r. Nitrogen
dissolves slowìy and requ'i res an hour or more to induce mjld
narcosis at air pressures of 507 KPa (Hoar, l97S). Hoar

noted that Nz nancosi s has been pnoposed to result from the
ability of Nz to dissoìve preferentially in membrane ììpid
a nd to act as an anesthet i c.

Al though the poss i b'i 'l i ty that some degree of 0Z

or NZ toxi ci ty may have been i nduced du r.i ng the ai r pres -

su re treatment of steeped graì n the l'i kel'i hood that thi s was

the pnimary cause of the'i nhjbition of grain ch'itting is not

great. unl i ke mammal i an cel ì s, pl ant cel ì s exert cons'i der-
able hydrostat'i c pressures (600 to 2500 KPa, Gill and Bolt,
1955) Nobel (1974). In mammalìan tissue the tox'i c effects of
increased gas solubility under compress'ion require I/? to 1

hour to take effect even in highly active tissue. Even

though root meristems have high respiratory activ'ity, the
duration of the a'i r pressure treatment was onìy 60 seconds.

Further, prel i mi na ry experi ments reveal ed that ba rì ey gra'i n

would germinate in HZ0Z (0.3%) under a constant pressure
of .l93 

KPa.

The durat'i on and rate of rel ease of ai r pressure

may be far more important in 'i nhib'iting ch'itting than the
actual gases i nvol ved. Under sudden decompress i on the

rel ease of gas bubbl es can ruptu re membranes. The sudden

decompressi on of a d'i ver f ol ì owi ng 5 hours at T01 Kpa w'i I I

not cause membrane damage. rn contrast, sudden decompressi on

f o1ìow'ing 10 minutes at 404 KPa wilì d'i srupt membranes (Hoar,

1975). Greater gas pressure and durati on respect'i vely



76

i ncnease the sol ubi I ity and quantity of gas di ssol ved and

therefore the potential membrane dj sruption upon decompres-

s i on. However, at an ai r pressu re of I0l Kpa a du rati on of 5

hours is insuf f ic'i ent to al low enough a.i r (gases) to djssolve
into a divers t'i ssue to cause disruptive bubble formation
upon decompression. The steeped barley was subjected to an

ai r pressure of 193 Kpa for less than 60 seconds. At thi s

p nessu re the equi ì i bri um sol ubi ì i ty of oz and Nz wou I d be

appnoxi mately twi ce that at l0l Kpa. In addì ti on, di ssol u-

tion in HzO within the grain would be impaìred by the

testa.

Gas toxi c'i ty, sudden decompressi on and even mechan-

ical compression could each have contributed to the decreased

chitted grain number f ol'l owing a j r pressure treatment. How-

even, none of these potential sources of ch'i tting 'inhibjtjon
expì a j ns why onìy a f ractì on of the treated grai ns were i nh.i -

bited. Perhaps the reduction ìn ch'itted grain number was not

the consequence of aj r pressu re. Al though excess moi stu re

was removed from the su rface of the grai ns before treatment
(bv blotting between papen toweìs) free water below the husk

may have transmitted a hydrostatic pressure'in the region of

the embryo, where at the time of treatment the testa/per.i carp

was ruptu red by the swol I en coì eorhì za. If thi s was the case

howeven, one woul d not expect the chi tted grai n root weì ght

f oì'l ow'i ng ai r treatment to be si gni f i cantìy gneater than that
of gra'i ns subjected to hydrostatjc pressure.
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The arguments for and agai nst gas toxi city, decom-

pression disruption and mechanical damage apply also, but to
a lesser degree, to potential explanations for the inh.i bitory
effect of hydrostatic pressure. The hydrostat.i c pressure

treatments were mimjcked by appìying compressed ai r to grain
immersed in a beaker (250 ml) of water. The presence of the
water would increase further the time to gas solubility equì-
I ibrium for a given pressure above that which would be re,
qui red under di rect ai r pressure. Increasing the pressure
(on the waten column) wouìd however, 'increase the solubiìity
of NZ 'i n 'l ipid more than water (Hoar, 1975). Thus Nz

a'l ready di ssol ved j n the water bef ore the app'l i cati on of
pressure may have preferential'ly dissolved'into graìn ììpids
on the application of pressure. In mammalian tissue the nar-
cotic effect of Nz however requi res an hour or. more to
become establ ìshed at ai r pressures of 507 Kpa (Hoar., 197s).
Thus possible contributions of rapid disruption and gas tox.i -
city to chitting 'i nhjbition were therefore less for hydr-o-

stati c pressu re treatments than ai r pressu re tneatments. In
addition, the inhibition of grain chitting and root growth

subsequent to treatment was si gni f i cant'ly gneater f or graì ns

subiected to hydrostatic pressune than for graìns subjected
to air pressure.

Eyben and Droogenbroeck (1969) were unable to
detect any increase in gra'i n mo'i stune or embryonic d.i sruption
fo'l ìow'ing hydrostatic pressune treatment. In contr.ast
Yoshida et al. (1979) demonstrated that ink could be forced
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into the nodal region of the embnyo by hydrostatic pressure

(Chapter 5, Plate 7). They proposed that embryon'i c d'i srup-

ti on rras probably responsi bì e f or the i nh'i bi tory ef f ects of

hydrostati c pressure. Embryoni c di sruptì on and/or the pre-

sence of water i n the nodaì reg'i on may be nesponsi bl e f or the

poorer root growt,h performance of hydrostatica'l 'ly treated
grai ns in compari son to ai r treated and control gra'i ns. How-

ever, there i s no reason to assume that du ri ng decompress'ion

that al I the water pushed i nto the nodal regi on duri ng treat-
ment remai ns there.

Plate 2 dep'i cts gra'i ns that were subjected to hy-

drostatic pressure (193 KPa for 60 seconds at 44 steep'i ng

hours) foììowìng radicle eruption through the coleorhiru. It
can be seen that both root growth and col eopti I e extensi on

wene 'i nh'i bited 'i n treated gra'i ns. Yoshida et al. (1976)

reported that hydrostat'i c pressure inhibited coleopti ìe de-

velopment. Harper and Lynch (1980) neported that in

germinating barley there is a strong positi ve correlation
between the length of the'longest root and the ìength of the

col eopti I e. Th'i s was appanent f or treated graì ns (Pl ate 2)

as onìy those grai ns with substanti al root deve'l opment had

coleoptiles equal t,o the full length of the graìn. Although

root growth generally appeaned to be inhibited after treat-
ment, semìnals which had not emerged at the time of treatment

di d devel op. Therefore i t appears unl i keì y that the poor

root growth perfonmance and i nhi bi ti on of col eopti ì e

development fo'l 'l owing hydrostat'i c pressure was due to

mechani caì di sruptì on of the embryo.



Plate ?. Hydrostatic pressure inhibitìon of coleopti'le emer-
gence. Grai ns were steeped fon 44 hours. Graj ns
showìng rad'i cle eruption (ch'itted) were selected
for tneatment ( 193 KPa for 60 seconds ). The grai ns
were then allowed to continue growth in petri-
dj shes contai ni ng 4 ml of water. Root growth and
col eopt'i I e devel opment are shown 98 hours af ter
treatment (L42 total hours).



Plate 2

hydro st at ic
pres sure

Hydrostatic Pressure lnhib¡tion
Of Coleoptile Emergence

control

Hordeum vulgare cv. Bonanza
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4.3 THE EFFECT OF HYDROSTATIC PRESSURE MAGNITUDE AND

DURATION ON GRAIN CH ITTI NG AND ROOT GROlllTH

4.3.1 Introduction

Eyben and Droogenbroeck (1969 ) reported that the

extent by whi ch resp'i ratory acti vity was restr j cted by hydro-

static pressure was dependent on the magnitude of the treat-

ment and independent of the duration. They determìned that

the degree of restri ctì on i ncreased with greater magn'itudes

of treatment whi l st necovery f rom restri cti on 'increased w'ith

'l onger dunat'i ons. Yoshida et al. (1979) observed that the

restri ctìon of respiratory activ'ity induced by successive

hydrostatic pressure treatments was cumulati ve. t'Jith the

ab'i ìity of hydrostatic pressure to reduce respiratory acti-
vity in mi nd an experiment was conducted to observe whether

pressure magnìtude and duration would jnfluence the degree of

gra'i n chi tti ng and root growth.

4.3.2 Materi al s and Methods

Bonanza f oì'l owi ng conti nuous aerated steepi ng f or

28 hours at 15'C was subiected to eìther 96, L44 or 193 KPa

hydrostatic pressure treatments for 10, 20, 30 or 60 seconds.

Subsequent to treatment three germ'i nati on boxes (repì i cates )

each conta'i ni ng 100 grai ns were set up f rom treated and

control samples. The boxes were then pìaced in a germ'i nation

cab'i net at 15 or ?5"C for a further 72 hours. After 100

total hours the root dry we'i ght and ch'itted grai n number f or

each box was determi ned.
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4.3.3 Results and Discuss'ion

The 100 hour mean total root dry wei ghts for al l

treatments are shown 'i n Figure 2. Hydrostatic pressures of

144 and 193 KPa s'i gni f icant'ly depressed root dry wei ghts at

both 15 and 25oC. For 95 KPa treatments root dry wei ghts at

15oC were on'ly significantly less fon the 10 and 20 second

treatment duratjons. Greater magn'itudes of hydrostatic pres-

sure treatment resulted in further s'i gnificant reductions'in

fi nal noot dry wei ghts. In contrast, i ñcreased tneatment

duration (10 to 60 seconds) fa'i led to sign'i ficantly'influence

f i nal root we'i ghts.

At 25"C root growth of control grains was sign'i fì-

cantly greater than that at 15'C. In a simi lar manner root

growth at 25'C foììowing the I44 KPa treatment was greater

than that at 15'C. However, thene was a s'i gnìf icant inter-

actj on between the 193 KPa treatment and temperature. That

i s, f ol ì ow'i ng the 193 KPa treatment the f j nal root dry

we'i ghts (after 7? hours growth) at 25 and 15oC b,ere not s'i g-

ni fi cantly di fferent. Thi s woul d suggest that fewer graj ns

chitted at 25"C than 15oC after the 193 KPa treatment. Gen-

eraì ly the vari abi I ity in root dry wei ghts between rep'l i cates

at 25oC (CV = 2?.77) was greater than that at 15"C (CV =

11.2s).

In Fi gure 3 the number of chitted grai ns for each

treatment ane presented. Ch'itti ng of control gra'i ns was

not si gni f i cantly (p = 0.01) di f f erent 'i rrespecti ve of
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temperature. Hydrostat'i c pressure treatments of L44 and 193

KPa si gn'i f i cantly depressed the number of chi tted grai ns at

both temperatures. For the 96 KPa treatment, only the 20

second duratjon produced a significant depress'ion in the

fìnal number of chitted gra'i ns. tlith highen treatment pres-

sures greater si gn'i f i cant reducti ons in grai n ch'itti ng occul"-

red. However as with total root we'i ght there was no si gni f j -

cant i nteracti on between magni tude and durati on.

Interacti on took pì ace between magn'itude and temp-

erature. Whi I st no si gn'i f icant dì f f erences occurred between

the chjttìng of control graìns, significantìy more treated

gra'i ns chitted at 25"C than 15oC folìow'ing the L44 KPa treat-

ment. Ìllhi I st f oì'l owi ng the 193 KPa treatment s'i gnì f i cantly

more grains chitted at 15 than 25"C. In addit'i on the varia-

tion in grain ch'itt'i ng at 25oC (CV = 10.79) was greater than

that at 15'C (CV = 5.32).

It appeared that di fferences ì n total root dry

wei ghts f or treatments may have s'impìy ref lected the number

of graì ns that ch'itted f oì'l ow'ing each treatment. In order to

determine whether hydrostatic pressure actua'l ìy reduced the

rate of root growth an d/or del ayed chitti ng, total root dry

we'i ghts f or each treatment wene di v'i ded by the'i r respecti ve

ch'itted grain numbers. The results of this manìpulation al'e

present i n Fi gure 4.

Root growth per chitted grain vÚas signìficantly (p

= 0.01) greater at 25oC than at 15"C. Although hydrostatic

pressure reduced grain root growth at 25oC th'is effect was
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not sign'i ficant (p = Q.01). In contnast' hydrostat'ic pres-

sures of 144 and 193 Kpa did significantly reduce final root

dry wei ghts of gra'i ns grown at 15'C. However there was no

s'i gni f i cant i ncrease i n root growth i nhi bi ti on wi th greater

magn'i tudes of hydrostat'i c pressure treatment. These results

indicated that at 25 and 15"C higher pressures on'ly 'increased

chi tti ng i nhi bi t'i on and that subsequent root growth was f ar

more dependent on tempenature than treatment pressure. At

both temperatures the lower root dry weìghts of treated

grai ns may have resulted from sl ower growth rate and or de-

layed chìtting.
It i s 'important to note however, that thì s con-

clusion'i s based on a mean root dry weight per chitted graìn.

It was observed that the root growth of those treated gra'ins

that ch'itted was extremel y va ri abl e. 0f ten the nadi cl es of

treated grai ns woul d on'ìy emenge 2 to 3 mm beyond the rup-

tured col eorhi za before ceasi ng growth. In other treated

gr^ai ns what appeared to be the two sem'i nal s adiacent to the

rad'i cle erupted first, aga'i n these often greut onìy a few

mi I I'imetres. The col eonhi za and rad j cl es of such grai ns

often tended to have a brown discolounation. In contrast,

some treated grai ns appeared to grow normaì ly. 0f these Some

had discoloured coleorh'i za and rad'i cles whilst others

di d not. The consi denabl e varj ati on (Pl ate I ) may have

resulted from differing degrees of susceptibi'l ity at the

time of treatment. Thus the mean root growth per chitted
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grain perhaps only represents a mean root growth between'in-

hibited and non or s'l ightìy inhib'ited grains. Certa'i nty in

contrast to the conclusion drawn here hydrostatic pressure

di d affect the abi 1 i ty to sustai n root growth subsequent to

ch'itting in some grains. In add'itjon at 25"C root growth in

control boxes at 100 hours was very dense. It is possì ble

that root growth of control grains was inh'i bited by space

competition, and that competition was respons'i ble f or the

apparent non sì gni fi cant reducti on of root growth per treated

g ra i n at 25"C.

In add'i tion the nesults presented tend to suggest

that the 96 KPa tneatment pressure was close to the minimum

pressure requined to induce a significant 'inhib'ition. It
appears therefore that an inh'i bition determ'i ning res'i stance

which reflected one or more gra'i n properties had to be over-

come. The i ncr"eased i nh'i bì t'i on that occurred as a result of

greaten treatment magni tudes mi ght be expì ai ned by assumi ng

that 1) the m'i nimum pressure required to 'i nduce inhib'it'i on

varied within treated samp'les and was perhaps determined by

subtìe differences in the stage of germination found amongst

grai ns, or al ternati veìy 2) that 'increased magn'itude overcame

add'itional res'i stances wh'i ch reduced t,he likel'i hood of grains

recovery (ch'itting). Eyben and Dnoogenbroeck (1969) reported

that with greater magnitudes of hydrostatic pre.ssure treat-
ments respiratory actìvity was increas'i ngly reduced. Thus it
i s perhaps reasonabl e to assume f rom the'i r observatì ons and

the results presented here, that the degree of resp'i ratory

activ'ity determines the chitting potential.
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4.4 Summarv and Concl usi ons

l,later uptake i n the si mple conti nuous'ly aerated

steep was much faster than would normally occur in commercial

aerated or traditional steeps. Genera'l ly' eXcess'i ve aeration

and turbulent action 'increases respi ratory losses and

leachìng, both of wh'ich reduce malt yie'l d. However' using

the apparatus it was poss'i ble to observe the influence of

grain size on moisture uptake. In add'ition the steep d'i d not

appear to abnormal ly affect post-steepj ng growth or the

suscepti bi ì i ty of grai n to hydrostati c pressu re treatments.

Thus, âlthough the use of interrupted aeration and/or air

rests would have more closeìy m'imicked commercial steeps, the

benefits gained from such add'itional experimentaì compìexity

would have probably been margj nal .

It was observed that i n compari son to a'i r pressu re,

hydrostatic pressure reduced grain root growth jn addition to

chitt'i ng. This observat'i on was conf i rmed f or root growth per

grain at 15'C but not at 25'C. tlJhilst increasing the

magn'itude of hydrostatic pressure treatment induced greater

chitting'inhibition root growth per grain was not'influenced.

In addition chitting and root growth failed to be affected by

i ncneased treatment durati on between 10 and 60 seconds.
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CHAPTER V

AVOIDANCE AND ALLEVIATION OF HYDROSTATIC

PRESSURE INHIBITION

5.1 Introduction

Duning preìiminary experiments it was observed that

foì'lowing hydrostatjc pressure the proportion of grains that

failed to chit was influenced by the grain envjronment.

Grajns wh'i ch failed to chit for up to 100 hours in petri-

dishes chitted when al lowed to dry. Ki rsop and Polìock

(1957) reported that water-sensit'i ve gra'i n steeped for 20

hours would germ'i nate if p'laced in ai r. In add'ition they re-

ported that once growth was i n'iti ated re-steepì ng f ai ì ed to

'i nhibit further development. From these observat'i onS Kirsop

and Pol I ock ( 1957 ) deveì oped an i nterrupted steepì ng techn'i -

que wh'i ch enabl ed them to successf uì 1y steep water-sens'iti ve

grai n. The techni que i nvol ved an i ni t'i al 16 hour steep f ol -

I owed by a 24 hour a'i r rest at 100% RH. The gra'i n was f i nal'

ly re-steeped for an additional 24 hours fo'l lowing the air-

rest. Hough et al . ( 197i ) noted that the removal of su rface

fj lms stimulates water-sensiti ve gnain to germinate. Brookes

et al. (1976) drew attentj on to the embnyo's abi ì ity duri ng

the ear'ly stages of germination to absorb water from surface

films.
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It was also obsenved during preliminary experiments

that fo'l lowing hydrostatic pressure, rê-steeping in aerated

steeps inhib'ited chitting whilst re-steep'i ng oxygenated

steeps did not. Yoshida et al. (L979 ) reported that 'increas-

ed frequency of hydrostati c pressure treatment duri ng steep-

ing enlarged the proportion of graìns that fa'i led to chit.

Hough et al. (1971) noted that water-sensitive graìn fails to

chit in aerated steeps. Moreover Crabb and Ki rsop (1969)

were able to stimulate germìnation of water-sensitive gra'i ns

in the presence of surface f ilms in an 0Z atmosphere.

The apparent similarìty in behaviour of water-

sensit'i ve and hydrost,at'i c pressure inhibited grain stimulated

the foì ì owi ng seri es of experi ments.

5.2 THE COMPARATIVE EFFECTS OF A HYDROGEN PEROXIDE
HEAD VERSUS HYDROSTATIC PRESSURE ON ROOT GROlfJTH

AND GRAIN CHITTING

5.2.1 Introducti on

Pol I ock et al.. ( 1955b ) reported on the abiìity of

dormant anddi I ute H 0 to stimulate germination of

they reported

bot h

that the concentra-non-donmant graì n.

tion requjred to

2 2

Further

water-sens'iti vity was less than re-

dormancy.

bneak

qui red to break profound
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5.2.2 Materi al s and Methods

Bonanza rvas conti nuousìy steeped with aeration at

15"C. Foì I owi ng vari ous steep dunati ons, grai n sampìes were

subjected to ejther hydrostatic pressure or presssune under a

head of hydrogen peroxi de (0.3%). Three germi nati on boxes

( repl i cates ) each contai ni ng 100 grai ns were made up from

each tneatment sample. l.lìth respectì ve control boxes, boxes

were set to germinate at eithen 15 or 25oC. After 100 total

hours (steeping p'l us germination time) the total number of

chitted grai ns and root dry we'i ght f or each repì ì cate was

dete rmi ned.

5.2.3 Resul ts and D'i scussi on

The results for the 15 and 25oC germinatìon temper-

atures are presented 'i n Tables 4 and 5 respective'ly. Plate 3

depì cts the contrasti ng 'i nf ì uence of treatments at 28 steep-

i ng hours on the 100 hour root growth and graì n chitt'i ng.

Incneased steep durati on si gni f ì cant'ly (p = 0.0i )

reduced fi nal root dry wei ght of al I treatments at both ger-

mination temperatunes. Chittìng jnhibition of control and

HZ}Z treated graìn howeven failed to significantly

increase with greater steep durat'i ons. In contrast, chitting

i nh'i bit'i on of grain subiected to hydrostatic pressure at

steep-out s'i gn'i ficantly increased with steep duratjon. Thus

it appears that for all grain types the steeping environment

rvas more inh'i bitory to root growth than the germination

envi ronments.



Pl ate 3. The compa rat i ve effects of hydrostatic pressune'and
(0.3%) on grai n chitti ngcompressi on unden H20

and root growth. Gra
?l ns were steeped for 28 hours

before treatment ( 144 KPa for 30 seconds ) . The
grai ns were then al I owed to conti nue growth at 15'C
i n petri -di shes contai nì ng 4 ml of water. Root
growth and coì eopti le devel opment are shown 72
hour s after treatment (100 total hours ).
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TABLE 4. The cornpara+ivê effecf of a hydrogen peroxlde head versus hydrosfallc pressure rllh lncreaslng stæplng tlme on Bonanza'100 hour root dry
reight and percent dl¡lted gralns when sleeped and germlnated at l5'c.

Treatænt Tlæ2
------!þeLT{9-L-ES."l--qDl--wu'jh.tL 

--Me9¡-¡9ot--Drll{"lqhtler--ç!f!.tled-9lq.l!l------Mean 
Perc€nt Cjl+ted Gralns

Conirol Hydrogen Peroxide Hydrostafic Conirol Hydrogen P€roxlde Hydrostatlc Control Hydrogen Peroxlde Hydrostatlc
lJeadJ Pr"ssure4 He¿d Pressure Head

l8
22

28

56

48

726

I 32.17
140.25
152.51
89.87
79.90
88.40

ab)
a

ab

cde
def
cde

107. I 5
I l7 .45
125.90
I 04.09
64,90
65.20

l .lo
1.00
l.rl
o.79
o.52
0. t7

abc
dof

cde
fg
h

h

92.3t
92.53
92.OO

97.00
91.6_1

19.67
42.67
62.61
65.tt
81.J]

d

bcd

e
e
cd

bcd
abc

ab

bcd
ef
€f

't.42

1.41
I .45

0.95
0.79
o.92

l.l5
1 .21
r .41
I .08
0.68
0.69

bcde
abcd

ab

cde

I
s

92.67
94.67
91.67
9t.67
94.55

abc
a

abc
abc
a

abc
âbc

abc
a

ðb

105.21 cd
81.10 de

7l.fl ef
51.15 Í9
26.35 9
24.54 s

ab

a

a

efg
f9
efg

cv I 1.85 I t.14 5, 15

lR-t d.y relghls ðre expressed ¡n m¡lllgrams and ctrrecfed lo lwo dec¡mal places.
2Treatrent llres respresenl ænilnuous stæplng hours before tealrent.
JThe æncentra+¡on of hydrogen peroxlde used ras O.ff.
4P."rrra. lreafrents rere ænducled at a mgnllude of 144 KPa for a durôi¡on of fO seconds.
5Paraæter values for lrealrenls follored by +he sare alphabe+lcal subscrlpt are nol slgniflcanlly differen+ at alpha 0.01 (Duncants rultlPle range
lesT ).

hæt dry relghts for graln freafed af 72 hours rere not determlned untll t2O lotal hours.

\o(¡
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B rookes et al . ( 1976 ) noted that du ri ng steep'i ng

the barì ey grai n embryo reaches the optimum moi sture content

f or germi nat'i on bef ore the endosperm becomes adequate'ly hy-

drated for complete modification and maxìmum malt y'i eìd. In

traditional steeps gra'i n anox'i a suppresses embryo growth

al l owi ng the opt'imum grai n moi stu ne content (43 to 46%) to be

attai ned with reduced respi ratory loss. The nesults present-

ed ì n Fi gure I i ndi cated that Bonanza reached the optimum

steep-out moisture after appnoximateìy 28 steep'ing hout's.

Thus gra'i ns steeped for less than ?B hours would probably

have shown poon mod'i f icat'i on and hì gher respi ratory I osses

due to ìess suppression of embnyo growth. It was observed

that the aerated steep woul d support root growth, however the

extent of thi s growth

the 15'C genmi nati on

was less than that wh'i ch would occulin

envi ronment over the same pe ri od of

the aenatedtime. It seems reasonable to assume that wh'i ì st

steep di d not prov'i de the same degree of growth suppressi on

that would occur in a tradjtional steep, respi ratory activity

was nevertheless'i nhìbited to an extent that tissue RQ's were

probab'ly greater than one. The above perhaps exp'la'i ns why

control grain steeped for 22 hours (Tabìe 4) had a hjgher

final root dry weight than grain steeped for 28 hours.

The conti nued si gni f i cant decl i ne 'in f i nal root dry

wei ght, i rrespecti ve of treatment , was probably contri buted

to by two othen factors in addjtion to anoxic suppnession of
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embryo growth. Fi rstly, w'ith the excepti on of graì ns tneated

at 7? hours , no grai ns used showed radi cl e erupti on. The

decl i ne i n f i nal root dry we'i ght vras theref ore promoted by

the selection of slow deve'loping gra'i ns. Second'ly, Hough g!
al. (1971) noted that the prolonged steeping and/or excessive

water uptake brought about by vi gor"ous aerat'i on may ì nduce a

condition similar to water-sensitivity, that can be broken by

the removal of surface fi ìms of water. Consequentìy grai n

vigour in germination environments might have been expected

to be reduced by steep'i ng beyond 28 hours.

For al I treatment times, w'ith the exception of 18

hours, total root we'i ght of control and HZ}Z treated

graì n were si gni fi cantìy (p = 0.01 ) greater than that of

gra'i n exposed to hydrostatjc pnessure. In addition, control

wei ghts were neven sì gn'i f icantly greater than those of

HZ0Z treated grains for respective treatment times with

the exception of the 7? houn time (Table 5). In the case of

the I atter however, the fi nal root wei ght of HZ0Z treated

grain was st'i ll significantìy greater than that of grains

subjected to hydrostatìc pressure.

Root wei ght per ch'itted grain (Tabìe 4) u,as not

significant'ly (p = 0.01) different for all treatments at 18

hours. l.lhilst at 22 hours control weight was signif icant'ly

greater than that of pressure treated gra'i ns, control wei ght

was not si gnj fi cantly di fferent fnom that of HZ0Z treated

gnains. Fon the 28, 48 and 72 hours treatment t'i mes root
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we'i ghts per control and HZ0Z treated grai ns wene not si g-

n'i f icantly dif f erent. At the same times, however, the root

growth of pressune treated gra'i ns r{as s'i gn'i ficantìy less than

control s. In contrast, the f i nal root dry wei ght for grai ns

subjected to hydrostatì c pressure at 36 hours was not si gni -

ficantly d'i fferent from that of control grains. After treat-
ment at th i s steepì ng ti me, however, the root weì ght of

HZ0Z treated grai ns was si gni fì cantly greater than that

of pressure treated graì ns.

For respecti ve treatment ti mes (with the excepti on

of the 22 houn treatment time Table 4) the mean percentage of

ch'itted grain at 15 and 25oC foìlowing hydrostatic pressune

treatment was signìficantìy (p = 0.01) less than that of

contnol and HZ0Z treated grai ns. Percent chjtti ng for

contnol and HZ}Z treated grai n was not sì gni fi cantìy

d'i fferent at any treatment tjme. Wh'i lst foìlowìng treatment

at 22 hours (Tab'le 4), chitting of HZ}Z treated grain was

not si gni fì cantly di fferent from that of pressure treated

grain, control chitting in contrast vlas sign'i ficantly
greater.

Col eopti I e emergence (Tab'l e 5) of control and

HZ0Z treated grai n was s'i gni f i cantìy (p = 0.01) greater

than that of hydrostat'i c pnessure treated grain at all treat-
ment times. l.lith the except'ion of the 72 hour tneatment time

col eopti'le emergence of control and HZ0Z treated grai ns

were not si gn'i f icant'ly di f f erent.



TABLE 5. lhe cornparatlv€ eff€ct of a hydrogên peroxlde head versus hydrosiatlc pressure rlth lncreaslng sfe€plng flm on Bonanza l0O hour ræf dry
r€¡gh+, P€rcent clltt€d gralns and col€ettl€ erÞrgÞnce rhen steeped af l5'C and garmtnafed at 25"c.

Mean Total Root Dry VJelohtl Mean Percent Chlttarl Gralns Numbtr of Emr@n+ Côlm+l l6ç
Treatnpnt TlrpZ Control Hydrogen P€roxlde

Headf
Hydrosfat lc

Pressure4
Control Hydrogen Peroxlde Hydrostatlc

lþad Pressure
Cdfrol Hydrog€n Peroxlde Hydrostatlc

Head

?8

ft
48

72

227.65 a5

185. | 7 ab

155.67 cd
155.40 bc

212.51 a

154.81 bc
t0't . J7 de
102.67 &

121.15 cd
71.07 af
18. l5 f9
15. l7 9

95.13 a

95.00 a

88.0O a
97.00 a

92.0O a

95.00 a

78.67 ob
89.00 ô

68.67 bc
55.00 dc
19.15 de
22.55 e

91.ó7 a

91.00 a

76.00 ôb
85.15 a

92.00 a

85.00 a
62.33 bc
59.00 bc

60.ll bc
47.55 c
t6.00 d
2.67 d

cv 15.1/f '1o.50 14.50

ln-f O.y relghfs âre €xpr€ssed ln mllllgrams and cor-roct€d to tro declmal plâces.
2Treatmnl llms respresenl contlnuous stæplng hours before fea+mnt.
'The concenfratlon of hydrogen peroxlde used was O.ff.
4Pressure treatnpnts rere conduct€d ât a magnllud€ of 144 KPa for a durallon of JO seconds.
5Paranptor values for trealflÞnts follored by fhe saæ alphabeìlcal subscripf re nof slgnlflcantly dlfferent ô+ alpha O.0l (Duncanrs multlple range
+ts+ ).

ftæl dry relghls for graln treated af 72 hours r€re not d€termln€d untll l2O totât hours.

(c)
r.c¡
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Hydrostati c pressu re and HZ0Z treatment at 18

steeping hours (Table 4) depressed final root weight at l5oC

to beìow controì levels. Preìim'i nary experiments had indica-

ted that unless the coleorhjza was swollen (testa/ pericarp

ruptured) ink could not be pushed into the nodal region by a

hydrostatic pressure of 193.0 KPa for 3 mi nutes. The major-

i ty of graì n i n the aerated steep d'i d not have swol I en

col eorhì zas at 18 steepi ng hours. Therefore durì ng treat-

ments Hr0, on water probabìy fai I ed to penetrate i nto the

embryon'i c regi on. However, water may have been f orced under

the grain husk thereby s'low'ing down germination by f im'itìng

0Z di ffusi on to the embryo. If thi s were the case, how-

ever , HZ0Z bel ow the husk woul d be expected to stì mu'late

genmi nat'i on. . Ei ther one of these I j qui ds occupyi ng pre-

treatment gas pockets bel ow the husk coul d have I i m'ited the

d'i ffusion of C0Z a$,ay from the grain. Before testa/peri-
ca rp ruptu re the steeped ba rl ey gra'i n has an RQ> 1 and ì nh'i bi -

t'i on of C0Z d'i ffusion would restri ct respiration. Hough et

al. (.l971) notes that high concentrat'i ons of C0Z reduce

gra'i n f ermentat j on and that sparg'i ng steeps with C0Z or

NZ sl ows down growth subsequent to casti ng. The growth

i nhi bi t j on, hovlever, f o'l ì owi ng treatments at 18 hours may

have been i ndependent of the compnessì ng I i qui d nature, the

inhibit'ion being the consequence of a sudden pressure shock

transm'itted to the embryonic tissue. Reductìons in membrane

thi ckness resulti ng f rom short term stra'i ns have been

proposed (Coster et al. L977).
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After 22 steeping hours a greater pnoportìon of

grains had swol len coleonhizas, Thus , HZ}Z or water

could under pressure penetrate the embryo region of a ìarge

pnoporti on of graì ns. PossÍ bìy onìy those gra'i ns w'ith a

ruptured peri carp/ testa treated under Hr0, were not

inh'i b'ited. If thjs were the case it would exp'laìn why 22

steeping hour control growth was s'i gn'i f icantly greater than

that of grains subjected to hydrostatic pressure. It might

also exp'la'i n why the root growth of HZ}Z treated graìn

tvas less than that of control graì ns at th'i s treatment t jme.

0rphanos and Heydecker (1968) neported that soaking

injury in Phaseolus vulqaris was assocìated wìth the fl oodi ng

of a cavity between the cotyledons when the seeds were total-
ly submerged. They also reponted that the cond'it'i on vras

made wonse by aeration. Yosh'i da et al. (1979) observed that
pressure forced ink into the nodal region of the embryo.

l.lith th'i s in mind it is interesting to note that the differ-
ence i n control and HZ0Z treated grai n total root growth

increases wìth steeping tjme from 48 to 72 hours at both 15

and 25"C. Perhaps there 'i s a defined pathway by which ink

and HZ0Z unden pressure reaches the nodal reg'i on. Exces-

s i ve water uptake 'i nduced by pro'l onged aerated steepi ng may

cause such a pathway to become occluded by steep water which

I imited the penetrat'i on of HZ0, under pressure. 0rphanos

and Heydecker (1968) reported that HZ0Z (1%) completeìy

el i mi nated soaki ng i nj ury and reduced the level of free water



r02

in the cavity between the coty I edons of Phaseol us vul gari s.

It appears that where grai n col eorhi zas were swol -

I en ei ther the physi ca'l ef f ects of compressi on under water do

not occur under HZ0Zr 'or that the oxi di z'i ng property of

HZ0Z compensates for such effects duri ng and/or subse-

quent to treatment. However, although not as deleterious as

hydrostatic pressure treatments, HZ0Z treatments general -

ly neduced total root growth even though chitted gra'i n

numbers were not s'i gni f icantly d'i f f erent f rom control s.

Wh'i ì st not d'i scounti ng any physì ca1 ef f ects of com-

pressi on f or whì ch HZ0Z treatment was probab'ly unabl e to

compensate, the poss i bi I i ty that the HZ0Z treatment modj -

f i es root growth subsequent to treatment must be consi dered.

Pollock et al. (1955b) neported that l% HZ}Z (T¡runaeus

test ) cons'i derabì y reta rded root growth to a degree that

of ten made chitti ng di f f icult to d'i scern. Col I i s-George and

l,li I I i ams (1968) noted that HZ}Z (approx'imateìy 0.34%)

caused netarded root hai r devel opment and degeneratì on of the

radicle in the meristemat'i c regìon. Plate 3 clear'ly demon-

strates that the (0.3%) HZ}Z presssure treatments f a'i I ed

to severe'ly netard root growth or cause degenerati on of

meri stems. However, cl ose exami nati on of Pl ate 3 reveal s

that the rootl ets of HZ}Z treated grai ns I ack ha'i rs

whi I st hai rs l.rere present on rootlets of both control and

hydrostati c pressure treated grai ns. It appears therefore
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that HZ0Z treatment modj fi ed root growth, thi s mì ght not

however, have been enti rely responsible for the lower root

wei ghts. Possi b'ly the mechani sm of HZ}Z i nhi bi tì on at

the 18 hour treatment ti me (faOl e 4 ) was offsetti ng the pres-

sure compensatory effects of HZ0Z observed at other

t reatment ti mes.

Correspondi ng root dry wei ghts and number of emer-

gent col eopti I es at 25oC f or control and treatment gra'i ns

were cons'i stent with Harper and Lynch's (1980) pos'iti ve cor-

relation of root and coleopti le length. Thìs consìstency was

espec'i a'l 'ly not'i ceabl e i n the HZ0Z treatment at 72 hours.

Compared to control growth the H20, treated sampìe showed

a s'i gnif icant depression in total rootlet growth in un'i son

with a si gni f i cant deì ay 'in col eoptì'le emergence.

5.3 HUSK AND PERICARP INVOLVEMENT IN PERPETUATING
HYDROSTATIC PRESSURT INHIBITION

5.3.1 Introduction

Dunwell (.l981) reported that the bar'ley husk inhi-
bits germ'i nation by l'i miting gas d'i ffusion. Polìock (1955b)

observed that the removal of the husk fai I ed to al I evi ate

water-sens'itivity and onìy mildly relieved profound dormancy.

Prel i mi na ry experi ments i ndi cated that water pushed under the

husk duri ng hydrostati c pressure treatment was not the pri n-
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cipìe source of inhibitìon. l.lheat (Plate 4) and naked barley

(Plate 5) were suscepti b'le to treatment (193.0 KPa f or 60

seconds) at 28 steeping hours. l.lheat ch'itting (72 hours

after treatment) appeared to be totaì ly inhibited. Even

though root growth was inhibited, chitting of treated naked

barley (72 hours after treatment) appeared to be greater than

that of hulled grains (Plates l and 3). Thus'it was apparent

that the husk could have been contributing to the persistence

of chitting inhibition in treated hulled barley.

Pollock et al. (1955b) repor"ted that mechan'i cal

damage to the grai n coat or the removal of the peri carp by

aci d scari f icati on al I ev'i ated both prof ound dormancy and

water-sens'itivity. They concluded that pericarp integrity
was essent'i al to the mai ntenance of both dormancy types. In

the f ol I owi ng experi ment aci d decort'i cated grai n was steeped

and subjected to hydrostatic pressure in an attempt to deter-

mi ne the i nvol vement of the peri carp subsequent to tneat-

ment.

5.3.2 Materi al s and Methods

Bonanza samples (1709) wene deconticated in 1 l'itre
of cold 50% v.v. sulphuric acid. Inìtiaìly the barley

samples were decorticated for t houn fo'l ìowing which a fresh

acid soìut'i on v'las used for an add'itional L/2 hour. During

decortication the grains were continuaììy agitated by a mag-

neti c sti rrer. Subsequent to decorti cati on the graì ns were



Plate 4. Hydrostat'i c pressune inhibit'i on of ch'i tt'i ng and
root growth 'in wheat. Grain were steeped for 28
hours before tneatment (192 KPa for 60 seconds).
The grai ns were then aì I owed to contì nue growth i n
petni -di shes conta'i n'i ng 4 ml of water. Root growth
and coleopti le development are shown 72 hours after
treatment (100 total hours ).
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hydrostatic
pressure

Hydrostatic Pressure lnhibition
Of Root Growth ln Wheat

control

Triticum aestivum cv. Columbus



Plate 5. Hydnostatic pressure 'inhibition of chjtt'i ng and
root growth in naked barìey. Grains were steeped
for 28 hours before treatment (193 KPa for 60
seconds ). The grai ns were then al I owed to contj nue
growth i n petri -di shes contai n'i ng 4 ml of water.
Root growth and col eopti le devel opment are shown 7Z
hours after treatment (100 total houns ).
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washed i n cop'i ous vol umes of water f or up to hal f an hour.

lilhi I st bei ng washed husk and coat remnants were fl ushed and

rubbed f rom the su rf ace of the gra i ns. Af ter urash'i ng gra'i ns

were immersed in a 2 litre stinred suspensjon of 2% calcium

canbonate f or L/2 hour. Fo'l I owi ng thi s the grai ns were wash-

ed f or a f urther 15 minutes in runn'i ng water. Fina'l ìy the

grains were transferred to a 15'C steep with constant aena-

tion. In'itiaì ly the steep water was changed af ter 2 hours

with subsequent changes bei ng made eveny 10 hours.

Bonanza (hul I ed) was steeped w'ith aerat'ion at 15'C

following which steep water r,ras repìaced by a lT" sodium hypo-

chlorite solution. Surface sterìlizat'ion during steeping was

al lowed to continue for an additional 2 hours foì ìowing which

the graì n was washed i n runn'i ng water (approx'imate'ly 15 to
16"C) for an additional l/2 hour¡ The grain v.ras finally re-

turned to a water steep with the water bei ng subsequent'ly

renewed every 10 hours.

Both hu I I ed and decorti cated Bonanza vtere subjected

to a hydrostatic pressure of 193 KPa for 30 seconds at 28

steepì ng hours. Treated and control graì ns were then set to
conti nue growth i n ei then germi nati on boxes or petrì -dì shes.

Si x genm'i nat'i on boxes (repì i cates ) of each control and

t reated gra i n types (hu I ì ed or decort'i cated ) wene set up.

Each germ'i nat j on box conta j ned 100 gra'i ns. In a si mi I ar

manner si x petri -di shes for each control and treated graì n

type were set up. Each petri -dì sh contai ned 2 l.lhatman No.l
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4 ml of water, on top of whi ch was pl aced

germi nati on boxes and petn'i -di shes were

a germi nati on cabì net at 15 oC f or an add'i -

After a total of 100 hou rs pìus

rootof chi tted grai ns

ea ch ge rmi nat i on

(steeping

and totalgermi nat i on

dry wei ght

d'i sh.

t i me ) the numbe r

was determined for box and pet n'i -

5.3.3 Results and Discussion

Total noot dry wei ghts and percentage ch'itted

grai ns f or control s and treatments are presented 'i n Tabl e 6.

Table 7 includes root dry weights per chitted graìn. The

Duncan's multiple range test has been used in Table 8 to com-

pare root dry wei ght per chitted grai n and percent ch'itted

grains in the two growth env'i ronments. Plate 6 depicts the

contrasting chitting and root growth behaviour of control and

treated acid decort'i cated grain.

Total root dry wei ghts and percent chitting (Tab'le

6 ) of hul I ed and decorti cated control gra'i ns lvere not s'i g-

nificantly (p = 0.01) djfferent for respect'i ve growth envi-

r0nments. Root growth and chi ttj ng of treated grai ns was

s i gni f i cantìy I ess than that of contnol gra'i ns in both envi -

ronments. In petri -di shes root growth and grai n ch'itt'i ng of

treated hulled grains was significantly less than that of

treated decorti cated grai ns. In germ'i nati on boxes however,



TABLE 6. The effect at 28 steeplng hours of hydrostatic pressure on the 100 hour total root dry welght and percent chlftlng of
hulled and acld decortlcated Bonanza grown ln pefrl-dlshes and germlnatlon boxes at l5"c subseqr.enf to treatnent.

Gral n Type Treatnenf Petrl-dlsh Mean Total Petrl-dlsh fvlean Fercrent

Rool Dry Welghtl Chltted Gralns
Germlnatlon Box l¡þan

Total Roof Dry Welght
Germlnallon Box lban
Fercent Chl+ted Gralns

Hul led
Hu I led

(Control)
Hydrostatlc Pressure5

24.07 a2

J.98 c
22.70 a

11.22 b

90.85 ab

37.50 c
95.83 a

81.67 b

1f0.97 a

J6.90 b

12.32 a
47.65 b

91.17 a

41.83 c
93.17 a

75.00 b

6.82

Decort lcaled (Contro I )

Decortlcated l-lydrostatlc Pressure

cv I 0.48 8.08 11.77

lRoot dty welghts are expressed ln m¡lllgrams and corrected to two declmal places.
2Parame+er values wlthln a column time followed by the same alphabetlcal subscrlpt are not slgnlflcantly dlfferent at
alpha 0.01 (Duncanfs multlple ranç test).

5P."..rr" treatnents were conducted at a magnltude o'f 193 KPA for a duratlon of 50 seconds.

lJ



Plate 6 Hydrostatic pressune jnhibitìon of ch'itting and
root growth i n ac'id decorti cated bar'ley. Grai ns
were steeped for ?8 hours before treatment (193 KPa
for 30 seconds ). The grai ns were then al I owed to
conti nue growth in petr j -di shes contai n'i ng 4 ml of
water. Root growth and col eopti ìe devel opment are
shown 72 hours after treatment (100 total hours ).



TABLE 7. The effect at 28 steeplng hours of hydrostatlc pressure on the 100 hour total nean root dry wetght per chltted graln and
perc€nt chlt+lng of hulled and acld decortlcaled Bonanza grown ln petrl-dlshes and germlnaflon boxes at 15"c subseqr.ent to
treatnent.

Gral n Type Treatnent Petrl-dlsh Mean Roof
Dry Welght Per
Chltfed Gralnl

Hul led (Control )

Hu I led Hydrosfatlc 
'Pressurej

Decort lcated (Control )

Decortlcated Hydrosfaf lc Pressure

1.44 a

0.88 b

1.32 a

0.64 c

91.17 a

41.8J c
93.17 a

75.00 b

1.33 a2

0.5J b

1..l9 a

0.69 b

Petr l-dlsh Mean Percent
Chltted Gralns

90.85 ab

37.50 c
95.83 a

81.67 b

Germlnatlon Box Mean

Root Dry Welght Per
Chltled Graln

Germlnatlon Box ltban

Percent Chltted Gralns

6.82CV 1 0.58 8.0 7.84

1R*+ d.y welghls are expressed ln mllllgrams and corrected to two declmal places.
2Parame+er values wtthln a oclumn followed by the same alphabeflcal subscrlpt are nof slgnlflcantly different at
alpha 0.01 (Duncanrs multlple ranç tesf).

3P..tru." freatrnents were conducted at a magnltude of l9f KPA for a dural¡on of f0 seconds.



Plate 6Hordeum vulgare cv. Bonanza
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only chitting of treated hulled gra'i ns was significantly less

than that of treated decorti cated grai ns.

The vari abì'l 'ity of behavi our of treatment graì ns

and the resultant lack of certa'i nty in interpreting root dry

we'i ght per chitted grai n has been noted i n Sect'i on 4.3.3.

Hulled and decort'i cated control root dry weights per ch'it-

ted grain (Table 7) were not signif icant'ly (p = 0.01) d'i f-

ferent for respecti ve growth env'i ronments. Hydrostati c pres-

sure sìgnificant'ly reduced the root growth of hulled and

decorticated grains in both environments. Treated hulìed and

decort'i cated gr^ai ns showed no si gn'i f i cant di f f erence f or root

growth i n pet¡i -di sheS. In germi natì on boxes however, treat-

ed decort'i cated grai ns had si gni f i cantìy less root growth

than treated hul I ed grai n.

Chitti ng of control grai n (faUl e 8) was not si gni -

ficantìy influenced by the two germination environments.

Hydrostat'i c pressure significantìy depressed gra'i n ch'itting

i n both envi ronments. However, treated decortì cated grai ns -

chitted si gn j f i cant'ly better in both envi ronments than treat-

ed hul ì ed graì ns. Theref ore, treated grai n ch'itti ng appeared

to be 'i nf I uenced by the presence or absence of the hu I I and

not the grai n envi ronment.

In contrast to the above, root growth per chitted

grain (Tabìe 8) for control and treatments was influenced by

grai n envi ronment. Deconti cated control grai ns showed s'i g-

nificantly (p = 0.01) less root growth in petri -d'i shes than



TABLE 8. The effect at 28 steeplng hours of hydrostatlc pressure on the 100 hour ñÞan root dry
welght per cfilfted graln and percrent chl+tlng of hulled and acld decortlcated Bonanza grown ln
petrl-dlshes and germlnat¡on boxes at l5"c subsequenf to trealnrent.

Gral n Type Treatment Post-Steep I ng

Envl ronrrcnf

Petrl-dlsh
Pelrl-dlsh
Petr I -dl sh
Petrl-dlsh
Germl nat lon
Germlnatlon
Germl nat I on

Germlnallon

Mean Root Dry Wel ghtl
Fer Chltted Graln

Mean Percent Chl+ted
Gra I ns

90.85 a

37.50 c
95.83 a

81.67 b

91.17 a
41.85 c
93.17 a
75.00 b

Hul led
Hul led
Decort I cated
Decorf I cated
Hul led
Hul led
Decort lcated
Decort I cated

(Contro I )

Hydroslallc
(Confro I )

Hydrostat I c
(Contro I )

Hydrostat I c
(Contro I )

Hydrostat I c

PressureJ

Pressure

Pressure

Pressure

1.33
0.53
I .19
0.69
1 .44
0.88
1.32
0.64

ab2

e
b

d

a

c
ab

de

Box

Box

Box

Box

cv 9.14 7.49

lRoof d.y welghts are expressed in mllllgrams and corrected to two declmal ptaces.
2Pararetèr values wlthln a column followed by the same alphabetlcal subscrlpf are
nof slgnlflcantly dlfferent at alpha 0.01 (Duncanrs mulflple range test).

JP...ru.. treatments were conducted at a magnltude of l9l KPA for a duratlon of 50 seconds.

O)
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hul I ed controì grai n i n germì nat j on boxes. However, the

growth of decorti cated control grai ns 'in germi nat'i on boxes

rlras not si gni fi cantly di fferent from that of hul I ed control

gra'i ns in both germinat'i on environments. Treated hulled

grai ns showed s'i gn'i f i cantìy greater growth 'i n germi nati on

boxes than petri- dishes. In addjtion treated hulled grain

growth ì n boxeS r.tas si gni fi cantìy greater than that of treat-

ed decort'i cated gra'i ns i n both envi ronments. Whi I st no s'i g-

ni fi cant di fference between tr^eated decorti cated grai n growth

occurned in the two env'i ronments decorticated root growth per

grai n 'i n petri -dì shes was si gnì f i cantly greater than that of

treated hul I ed grai ns in the same envi ronment.

Grains p'laced ìn either petri-d'i shes or germinatìon

boxes had surface fi lms of water. However, grai ns placed in

petri -di shes were i n contact with free water whi I st grai ns in

genmi nat'i on boxes were not. Bookes et al . ( 1976) noted that

the embryo tends to absorb water from the grai n coat duri ng

the earìy stages of germ'i nation. Thus, initiaì'ly the husk/

perì carp of control gra'i ns 'i n genm'i nat'i on boxes probably

dri ed somewhat whi I st control grai n coats in petri -di shes re-

mained unchanged. Despite this no sign'i ficant chitting dìf-

f erences occu rred between hu I ì ed gra i n 'i n e'i ther of the two

envi ronments. Further, the presence or absence of a husk/

pericarp and/or a surface fiìm of water fa'i led to influence

the ch'itti ng of control grai ns. In contrast the pre-
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sence of a husk on treated gra'i n sìgn'i f icantìy depnessed

chitting whi I st the presence of a sunface fi lm did not.

The husk (Dunwel ì , l9B1) and the peri canp (po'l ì ock

and Kirsop, 1956) have been reported to limit the djffusjon
of 02. Cra bb and Ki rsop ( 1969 ) observed that the

resistance to 0z d'i ffusìon through a surface film of water,

the husk, ârìd peri carp was the same for normal and water-

sensitive grain. Foì lowing perìcarp/testa rupture grain

respiration has been noted to be predominantìy aerobjc

(Bewìey and Black,1978). crabb and Kirsop (1969) reported

that the removal of the pericarp el'iminated anaerob.i c

respjration'in both normal and water-sensitive grains. Grain

subjected to hydnostat'i c pressure had swolien coleorh.i zas,

therefore the pericarp/testa would not be expected to be

ì imiting 0z diffusion. It appeared therefore, that jn

contrast to contnol gra'i ns " 0z dif f usion r.es'i stance of the

penicanp sign'i ficantìy contributed to treated gr.ain chitting
inhib'it'i on.

Pl ate 6 cl earìy depi cts that total root growth and

root growth per chitted gra'i n were si gni f i cantly inhib jted

fol I owi ng treatment. Pl ate 6 al so demonstrates that the

treatment reduction of total root gnowth d'i d not simply

ref lect total chitt'i ng inh'i b'ition. In contrast, plates 1 and

3 i ndi cate that for treated hul I ed graj ns the reductj on of

total root growth was contributed to by complete chitting
i nhi bi ti on. However, even with the I atter consj deratj on jt
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'i s not possible to determine the relatjve contributions of 1)

delayed chjtting, ôrd 2) growth inhibjtion subsequent to

chi tti ng to the neduced root growth of treated grai ns (Tabl es

7 and 8). It is interest'i ng to note however, that the noot

growth of decorti cated control graì ns i n petri -dj shes was

s'i gnif icantly less than that of other controls. Perhaps the

absence of sub-husk gas pockets contri buted to thi s inhi b'i -

tion? No significant difference'in grain root growth occur"-

red between decorti cated treatments i n e'ither env'i nonments.

Th'i s suggests that no addi t j onal 'inhi bi ti on took pl ace when

growi ng rootl ets contacted petri -d'i sh f ree water. Treated

hul ì ed grai ns i n germ'inati on boxes had the greatest treatment

rootl et growth per chi tted grai n. In contrast, the'i r growth

i n petri -di shes was poonest. Perhaps ì n germ'i nati on boxes,

dnyi ng of treated graì n husks re-establ i shed gas pockets and

reduced husk th j ckness resuì ti ng 'in better gas exchange.

5.4 THE INFLUENCE OF FREE t,lATER ON ROOT GROltlTH
TATIC

PRESSURE

5.4.1 Introduction

The results in the previous section'i ndicated that

the presence of a free water fi I m on or around contnol and

treated grains failed to signifìcantìy infìuence chitting.
Prel i m'i nary exper j ments had i ndi cated , however, that ì f

treated grain was allowed to dny, chitting inhibition could
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be broken. l'later-sensitivity is a dormancy form wh'i ch is

on'ly expressed when the available water exceeds the minimum

necessary for germi nati on. In the fol ì owi ng experi ment the

role of free water in hydrostat'i c pressure inh'i bition was

ìnvestjgated.

5.4.2 Materi al s and Methods

Petri-dishes with seven water vol umes (0, 1, 2, 3,

4 , 5 and 6 ml ) were used to germi nate control and treated

Bonanza wh'i ch had been steeped at 15'C with aeration for 28

hours. Treated gnaìns were subiected to a 193 KPa hydro-

stati c pressu re treatment for 60 seconds. For eabh water

volume, 6 control and 6 treatment petri-d'i shes (repl'i cates)

each containing 20 grains placed on top of 2 l,lhatman No. 1

f i I ter papers were set up. The petri -di shes were then pì aced

in a 15oC germination cab'i net for an add'itional 72 hours.

Thìs experimental procedure was repeated usìng a germination

tempenature of 25oC. After a total of I 00 hours the total

root dry weight and numben of chitted grains $ras determ'ined

for each repl i cate.

5.4.3. Results and Discussion

The results for steeping and germ'ination at 15"C

ane presented Tabl e 9. For each water vol ume, with t,he ex-

cepti on of 0 ml , control total and chitted grai n root growth

was signif icantly (p = 0.01) greater than that for respective



TABLE 9. The effect of free water subsequent to hydrostatlc pressure treatment at 28 steeplng
dry welght and chltted graln number of Bonanza steeped and germlnated ln petrl-dlshes at t

hours on the 100 hour root
5oc.

Treatmenf

(Control )

Hydrostatlc

(Control )

Hydrostal I c

(Control )

Hydrostatl c

( Conlro I )

Hydrostatl c

(Control )

Hydrostat I c

(Control )

Hydrostat I c

(Control )

Hydrostat I c

Volune of Water Mean Tofal Root
Dry Welghtl

13.83 e2

5.80 f
29.37 b

22.72 dc

37.90 a

25.08 dc

55.82 a

21.12 d

37.78 a

8.80 ef

29.17 b

5.15 Í
27.37 bc

6.57 I

Mean Root Dry llelght
per Chltted Graln

Mean Number of
Chltt€d Gralns

Mean Percenf lnhlbltlon
of Total Root Dry Welght

Pressure5

Pressure

Pressure

Pressure

Pressure

Pressure

Pressure

0ml

0

I

I

2

2

3

3

4

4

5

5

6

6

58.21 b

21.12 d

55.84 dc

59.90 c

80. 15 a

82.17 a

76.95 a

0.70 fg

0.56 g

1.48 c

t. t4 cde

'l .99 a

1.39 cd

1.96 a

t. 16 cde

l.9l ab

0.93 ef

1.54 bc

0.82 ef

1.46 cd

1.05 ef

19.50 a

15.67 b

19.85 a

19.85 a

19.00 a

19.35 a

18. t7 a

18.00 ab

19.85 a

9.33 c

19. t7 a

6.50 d

19.00 a

6.17 d

9.34cv 17.0t 19.27 19.47

JRoot Ory wetghts are oxpressed ln mllltgrams and corrected to two dectmal places.
¿Parameter values wlthln a column followed by the same alphabetlcal subscrlpt are not slgnlflcantly
,dlfferent at alpha 0.01 (Duncanrs multlple range test).JPressure treatments were conducted at a magnltude of 193 KPA for a duratlon of 60 seconds.
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treatments. Control total and chitted graì n root growth de-

cl i ned si gn'i f i cantly bel ow 2 ml and above 4 ml . In contrast,

controì chitted grain number did not significantìy change

with varying water vol ume. In add'it'i on, chitted grain nuT-

bers fon treatments l.lere onìy significantly different (less)

than controls for water volumeS 0, 4, 5 and 6 ml. In 2 and 3

ml petri -di shes no si gni fi cant dì fferences occurred between

contnol or between treatment parameters. However, w'ith the

excepti on of chi tted grai n number, treatment root gnowth

parameters at 2 and 3 ml were significantly less than

controls. Thus hydrostatic pressure at 2 and 3 ml either

inhìbited root growth or delayed ch'itting by making the grain

sens'it'i ve to excess water. In the 1 ml petri-di shes no

s'ignificant dìfferences occurred between (with the exception

of total root growth ) control s and treatments for al l

parameters, al though at thi s vol ume and at 0 ml control root

growth appears to have been I imited by avai I abl e water.

The resul ts for steepi ng at 15"C and germi nati on at

25"C are presented in Table 10. For water volumes from 0 to

5 ml control total root growth was si gni fi cantìy (p = 0.01 )

g reater than respecti ve treatments. In add'iti on ch'i tted

gnai n root growth for control s between 0 and 4 ml t,las

si gni fi cantly greater than treatments. The number of chi tted

control grains did not significantìy change with 'increased

water volume. At 1, 2, and 3 ml treated chitted gra'i n

numbers were not si gni fi cantly dj fferent from respecti ve



TABLE 10. The effect of free water subsequent to hydrostaflc pressure lreatrent at 28 steeplng hours
dry welght and chltted gnaln number of Bonanza steeped at 15"c and germlnated ln petrl-dlshes af

on the 100 hour root
25"c.

Treatrpnf

(Contro I )

Hydroslat I c

(Control )

Hydrostat I c

(Conlrol )

Hydrostat I c

(Control )

Hydrostat I c

(Control )

Hydrostat I c

(Control )

Hydrostat I c

(Control )

Hydrosfat I c

Volune of Wafer [4ean Total Rgot
Dry Welghtl

40.57 b2

11.56 cd

66.37 a

41.02 b

65.0f a

46.52 b

40.68 b

24.58 c

64.87 a

10.42 cd

21.85 c

5.78 d

20.02 cd

6.10 d

Mean Root Dry l{elght
per Chltted Graln

Mean Nurùer of
Ch¡tted Gralns

lêan Percent lnh lbltlon
of Total Root Dry Welght

Pressure3

Pressure

Pressure

Pressure

Pressure

Pressure

Pressure

0ml

0

1

I

2

2

3

3

4

4

5

5

6

6

2.08

0.67

3.34

2.10

3.2'

2.59

2.32

1.32

3.27

1.14

1.15

1 .75

1.05

1 .59

bc

e

a

bc

a

b

b

cde

a

de

de

bcd

de

bcd

19.50

17.33

I 9.85

19.50

20.00

19.33

I 8.83

17.50

1 9.85

9.1'l

I 8.8f

3.67

I 9.00

3.81

7.60

ab

c

a

ab

a

abc

abc

bc

a

d

abc

abc

e

70.90 a

56.08 b

24.65 b

t8.88 b

8f.l 1 a

75.52 a

68.81 a

cv 27.12 23.18 24.93

lnoot O.y welghts are expressed in mllllgrams and correcfed to two declmal ptaces.
'Paranefer values wlfhln a crclumn followed by fhe same alphabetlcal subscrlpf are not slgnlflcantly
,dlfferent at alpha 0.01 (Duncanrs multlple range test).
?ressure treatnpnts were conducted af a magnltude of 195 KPA for a duraflon of 60 seconds.
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contnol s. Hovlever, at these vol umes total and grai n root

growth for treatments was significantly less than the

control s.

Tabl e 11 presents a compari son of total root growth

jnhibition and chitted grain number at 15 and 25"c. Inhibi-
tion at either temperature was not si gni f icantly d'i f f erent

for respective water volumes. ch'itted grain numbers at l5

and ?5"c were on'ly significantìy different for treatments at

5 and 6 ml . At these volumes inh'i bit'ion at 25"c was sign'i f i-
cantìy greater than that at 15oC.

The significant decl ines at both temperatures in

chi tted gra'i n numben at 4 ml to bel ow control val ues rlas f ol -

lowed by a further sign'i fìcant decline at b and 6 ml . con-

trol s at these vol umes were not sì gni f icantìy d'i f f erent at

either temperature. Treatment therefore appears to have made

the gra'i n sensitive to excess water. l.lith waten volumes of 3

ml and upwards a men'i scus bounded each grai n. Thus it woul d

seem reasonabl e to assume that increased treatment ch'itti ng

inhibit'ion of treated graìn may have been associated with the

presence of a surface water film. However, at 0 ml chitting
of treated grain was signifjcantly less than that of the con-

trol grains at both germination temperatures. Grajns placed

in the 0 ml petri- dishes did not have menisci, as water was

drawn from the grains'into the filter paper'. Furthern treat-
ed gra'i n chjtting was significant'ly greater at 1ml than at 0

ml .



TABLE ll. The effect on 100 hour root dry welght lnhlbltlon and chllled graln number of hydrostatlc pressure on Bonanza
sleeped at 15"C tor 28 hours before freatnenl and germlnated ln petrl-dlshes at l5 and 25"c followlng treatnent.

Treatr¡enf Volune of Water Mean Number of 0rltted GralrsMean Percent Inhlblllon of Total
Root Dry Welght

(Control )

Hydrostaf lc

(Contro I )

Hydrostat I c

(Confrol )

Hydroslatlc

(Control )

Hydrostat I c

(Control )

Hydrostat I c

(Contro I )

Hydrostat I c

(Control )

Hydrosfat I c

Pressure2

Pressure

Pressure

Pressure

Pressure

Pressure

Pressure

0ml

0

I

1

2

2

3

3

4

4

,
5

6

6

I 5-c

58.21 bc

21.12 d

33.84 d

39.90 dc

80.1 3 a

82.17 a

76.95 ab

25"c

70.90 ab

56.08 d

24.65 d

58.88 dc

85.1 I a

73.32 ab

68.81 ab

l5"c
1 9.50

15.67

I 9.85

1 9.85

I 9.00

19.33

18.17

1 8.00

1 9.8J

9.55

19.17

6.50

I 9.00

6.17

25"c
I 9.50

17.33

I 9.8J

I 9.50

20. oo

19.33

1 8.81

17.50

r 9.8J

9.17

I 8.85

3.67

I 9.00

3.83

abl

c

ab

ab

ab

ab

ab

ab

ab

d

ab

e

ab

e

ab

bc

ab

ab

a

ab

ab

abc

ab

d

ab

,f

ab

Í

cv 21.34

lParaneter values wlthln a column followed by the sarne alphabetlcal subscrtpt are nof slgnlflcanlly
,dlfferent at alpha 0.01 (Duncanrs multlple range test).
'Pressure treatments were crcnducted at a magnitude of 193 KPA for a duratlon of 60 seconds.
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tljth 'increasing water volume above 4 ml treatment

total and grain root growth at 15'C, although signif icant'ly

I ess than respecti ve controì s, dì d not decrease. However '

over the Same i ncrease i n voì ume control total and grai n root

growth si gnì f i cantly decreases wh j I st ch'itti ng remai ns un-

changed. Th'i s pattern al so occurred for total root growth

and grain ch'itt'ing at 25oC. Therefore it appears possible

that the excess water e'ither del ayed chi tti ng on i nhi bi ted

root growth i n these controì s. Further, it is interestì ng t0

note that for the 6 ml vol ume at 25 0C total root and root

wei ghts per grai n for treated and control s were, ìrì contrast

to chìtting, not significantly different. For .the same

voì ume at 15"C al I treatment and control parameters were

s'i gni f i cant'ly d'i f f erent. Thi s woul d tend to 'indi cate that at

I east at thì s vol ume root growth of each treated graì n was

less inhibited.

5.5 R OOT GROI,¡TH SUBSEQUENT TO HYDROSTATIC PRESSURE

5.5.1 Introduct'ion

Davi dson and Jangaard (1978) mon'itored root growth

in a damp chamber at roo.m temperature for 24 hours. They

observed that the root growth (ch'i tti ng ) of pressure treated

grai ns was I ess v'i gorous than that of control s. Yoshi da et

al. (1979) reported that following hydrostat'i c pressure root

growth was restricted and variable. specificalìy, they
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determ'ined the root growth (f i nal root dry we'i ght ) of i sol a-

ted embryos afte r 7 2 hou rs . They reported that the root

growth of treated embryos was as much as 50% less than that

of control s. Eyben and Droogenbroeck (1969) stated that

hydrostati c pressure deì ayed germi nati on and caused i rregul ar

radicle growth.

Rest ri cted root growth f oì I ow'ing treatment 'impì i es

that hydrostatic pressure reduces the rate of root growth

subsequent to ch'itti ng. However, reduced f i nal root wei ghts

may simpìy result from deìayed chitting. In the previous

secti ons 'it was not poss i bl e to determi ne whether the reduced

grai n root gr"owth f ol I owi ng pnessure treatment þJas the conse-

quence of reduced root gnowth and/or deì ayed chitti ng.

5.5.2 Materiaìs and Methods

Bonanza and Argyle u,ere steeped continuously w'ith

aeration at 15oC. After 28 steeping hours samples of both

varieties were subjected to a hydrostatic pressure treatment

of 193 KPa for 60 seconds. Control and treated graì ns were

set to germinate at 15"C in petni-dishes. Each petri-d'i sh

contai ned ei ther 4, 2 or 1 ml of water, 2 I^Ihatman fi I ter
papers and 20 grains. At each samp'l ing t'i me the total root

wei ght and number of chi tted gra'i ns of each repl i cate was

determi ned. S'i x control and treatment repl i cates were used

at each sampì i ng tì me.
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5.5.3 Results and Discussion

Fi gure 5 shows the total root wei ght i ncreases of

Bonanza control and tneated grai ns grown with 2 and 4 ml of

waten. At 55 hours control and treatment weights were not

s'i gnificantly (P=0.01) d'i fferent. However, by 72 hours con-

trol wei ghts were si gni f i cantly greater than treatments i r-

respectì ve of water di sc'i pf ine. In add'iti on , no sì gni f i cant

di fferences occurred between treatments at 7 2 hou rs. From 96

hours onward 2 ml treatment weì ghts were si gni f i cantly great-

er than those of 4 ml treatments . Control s at 96 hou rs were

not significantly diffenent. However, from 130 hours onwards

2 ml weights were s'i gnif icantly greater than 4 ml weights.

The non-significant decline 'in total root dry weight for 4 ml

controls at 180 hours can only be explained by assuming fewer

grai ns chi tted i n these repf i cates.

Contnol Bonanza root wei ght per chi tted grai n

(Figure 6) was only significantìy (P=0.01) different at 180

hours, where 4 ml control wei ght was si gni fi cantìy I ess than

that of the 2 ml control. At 55 and 72 houns control and

treatment weì ghts were not sì gni fi cantly d'i fferent. l.lith the

exceptì on of the 2 ml treatment and 4 ml contnol wei ghts at

I 80 hours , control wei ghts were si gnj fi cantìy greater than

t reatments from 96 hou ns onward . Treatment weì ghts wene

never sì gni f i cant'ly di f f erent i rrespecti ve of water vol ume.

Fi gure 7 presents the total root wei ghts for Argyìe

treatment and controls. At 50 hours weights for control and
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treatments were not sì gni fi cantly (P=0.01 ) di fferent. From

80 hours onwards, with exception of the I ml treatment and

cont,rols, control root weights were s'i gnificantly greater

than treatments i rrespecti ve of water vol ume. Fon the 1 ml

vol ume, control we'i ghts were on'ly s'i gni f i cantly greater than

that of treatments fol I owing 130 hours. After 130 houns 4 ml

control wei ghts were si gni ficantly ìess than the 2 ml control

weights. At other sampìing times control weights were not

s i gn'i fì cantìy di ffenent. Treatment wei ghts were not sì 9ni fi -
cantly different at 80 hours. Foì'l owing 80 hours however, 1

and 2 ml treatment wei ghts were si gn'i fi cantìy greater than 4

ml treatment wei ghts at 100 and 146 hours respecti veìy. In

addì t'ion , f rom 108 hou ns onwards 1 ml treatment wei ghts were

significant'ly gneater than those of 2 ml treatments.

Root we'i ghts per chitted grai n f or Argyle are pre-

sented i n Fì gure 8. Treatment and control wei ghts were not

s'i gn'i ficantìy (P=0.01) d'i fferent at 50 and 80 hours. From 80

hours onwards however, control wei ghts at 2 and 4 ml were

si gn'i f i cantìy greater than respect'i ve treatment wei ghts.

Control and treatment wei ght for the 1 ml dj sci pì i ne were

only d'i f f erent at 158 hours. Control s were not s'i gnì f i cantly

different for up to 130 hours. Following this time however'

4 ml control wei ghts were si gni ficantly less than those of

the 1 and 2 ml control s. Treatment wei ghts at 2 and 4 ml

tr{ere not s'i gn j f i cantly d'i f f erent f rom 50 to 140 houns. Af ter

140 hours 2 ml treatment wei ghts were, however, s'i gn'i f i cantìy
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greater than those f or 4 mì tneatments. Root we.i ghts f or

grains chitted at I ml were si gnificantly greater than

wei ghts fon 4 ml grai ns after 108 hours. In addi tj on 1 ml

t reatment wei ghts were si gni f i cantly greater than 2 ml trea.t-
ment wei ghts at 130 hours.

Fi gures 6 and 8 cl earìy demonstnate that with 'in-

creased germination t jme rootlet we'i ght of control grain be-

came si gn'i f i cantìy gneater than that of treated gra.i n under

cond'itions of excess water. control and treated chitted
grain gnowth (root dry weìght) for both Bonanza (Fìgure 6)

and Argy'le (Figure 8) were not sìgn'i ficantìy different for up

to 72 and 80 houns respecti vely. However, w jth .increasi ng

genm'i nation time control growth became sign'i f.i cantìy greaten

than treatment growth i n the presence of excess water. Thi s

di vergence 'i n growth per chitted grain could have onìy

resulted from a slower" root growth rate and/or deìayed

semi nal deveì opment i n treatments. The sl ower rate and/or

the de'l ayed semi nal emengence i n treatments on ìy appeared

however, to persist under conditions of excess water.

5.6 THE ROLE OF MICROORGANISMS IN PERPETUAT I NG
CHITTING INHIB ITION FOLLOl^IING HYDROSTATIC
PRESSURE T Rt.A I MENT

5.6.1 Introduction

Bl um and Gi I bert ( l9S9 ) detenmi ned that the bac-

terial count around water-sensitive grains in petri-d'ishes
lrlas 1000 times greater under conditions of excess water.
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Further, by prior grain surface sterilization with l% Na0cl

they $,ere able to pnevent germinat'i on inhìbition of water-
sens'itive grain even 'in excess water. Jansson et al. (.l9s9)

al so reported that surface steri I i zatj on reduced bacteri al

counts under the condi ti ons of the water-sensì tì vi ty test.
However, they were unable to improve the germination perfor-
mance in excess water of waten-sensitive grain irrespect.ive
of steri I i zatì on. Gaber and Robents (1969b ) successful ly
genminated water-sensitive graìn 'i n an excess solution of

antib'i otics. They concluded that water-sensitive grains con-

tain (below the husk) a ìarger and more diverse population of

m'icro-organi sms that, under condi ti ons of excess water,

inhibit germination.

Yoshi da et al . (1979) reported that some grai ns

following hydrostatic pressure treatment develop signs of

putrefaction. In addition, they noted that putnìd gra.i ns

deveìop a p'i nk discoìouration in the'region of the scutellum

and of ten have the'i r endosperm repl aced by a f I u.i d mush.

During preì iminany experiments 'it was observed that grains

several days after treatment had a putrjd odour. In addjtion
tneated gnains that failed to ch'it often had what appeared to

be an exuded drop'l et of fluid associated with coìeorhiza.
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5.6.2 Materials and Methods

Bonanza was steeped with continuous aeratjon at l5o

for 28 hours. Treated grain r^,as subjected to 193 Kpa pres-

sure for 60 seconds wh'i le 'immersed in water or in antibiotic
sol uti on. The ant'i bi of i c sol uti on contai ned peni ci I I i n,

streptomycin and nystat'i n at concentrations of 800, 900 and

400 ppm respectively. This antibiotic comb'i nation proved

most potent in preventing the expression of water-sens'itìvity
by sensitive gra'i ns 'in excess soìution (Gaber^ and Roberts,

I 969b ). Treated and control grai ns r'lere set to contì nue

germination jn petri -dishes and germ'inat'ion boxes at 1s"C for
an additional 92 hours. Petri-dishes contained 2 whatman

No.1 f i I ter papers and ei then I ml of water or anti bi oti c

solution. Fifty graìns were placed into each petri-dish;
genminatìon boxes contained 100 grains. Three repl icates of

each tneatment and control were used to determi ne the mean

percent ch'itt'i ng at 120 hours,

5.6.3 Results and D'i scussion

The mean pencent chi tted graì n for each treatment

i s presented i n Tabl e 12. control ch'itti ng '¡ras not s'i gni -

ficantly (P=0.01) d'i fferent ìrrespective of germinat'i on

envi ronment. chi tti ng of grai ns f or al I tneatments was s'i g-

nificantly below cont,rol levels. chitting of gnains subject-

ed to hydrostatic pressure prior to being germinated'in water

Ì{as si gnj fi cantly I ess than that of grai ns genmi nated
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TABLE 12. The comparatlve effect of an Antlbotlc Head versus hydrostatlc pnessure al
28 steeplng hours on l2o total hour flrean percenf chltfed graln number.

Treatrnent Post-Treatmsnt Growfh
Env I ronmenf

l¿lean Percent Chltfed
Graln

(Contro I )

Hydrosfatlc Pressurej

Antlblotlc Head4

Hydrostatlc Pressure

Petrl-dlsh wlfh waterl

Pefrl-dlsh wlTh water

Petrl-dlsh wlth water

Petrl-dlsh wlth antlblof lc
Solullon5

90.00 a2

30.00 e

40.00 cde

36.67 &

Antlboflc Head Petrl-dlsh wlth antlblotlc
solutlon

42.00 dc

( Contro I )

Hydrostatlc Pressure

Antlblotlc Head

cv

Germlnatlon box 94.67 a

Germlnatlon box 47.33 bc

Germlnaflon box 54.67 b

7.61

lP"t.¡-d¡rhes each confalned 50 gralns 2 l{hafman No I fllter papers and g ml of
water.

2M"un p.rc.nfages wlth fhe same alphabetlcal subscrlpt are not slgnlflcanly
dlfferent at alpha 0.01 (Duncanrs multlple rangre test).5P..ssu.. treatrnents were conducted af a magnltude of 195 Kpa for a durailon
of 60 seconds.

4The anflblotlc solutlon contalned streptomycln, penlcl I I ln and nysta¡n al con-
cenfratlons of 800, 800 and 400 ppm respecilvely.

5Each petrl-dish contalned I ml of anflblotlc solutlon ln place of wafer.



138

i n anti b'i ot'i c sol uti on f o'l I ow'ing exposure to the anti bì oti c

head. Chi tti ng of other treated grai ns i n petrj -di shes was

not si gni fi cantly di fferent. In germi nati on boxes graì n sub-

iected to the ant'i b'iotic d'i d have h'i gher ch'itting numbers

than grai n subjected to hydrostati c pressure, howeven, thj s

difference was not significant.
The results cì earìy demonstrate that unl i ke

HZ0Z the anti bj otj c sol uti on di d not prevent on al I evi ate

the ch'itting inh'i bition'induced by pressure treatment. This

observatì on 'i nd'i cated that the bacteri ci dal propertì es of

HZ}Z did not determine Hr}, ability to alleviate hy-

drostat'ic pressure i nhi b'iti on. However, the anti b'iotì c sol u-

t j on , whether used as a head or as germì nat i on sol uti on , di d

appear to sl i ghtly rel i eve a smal I f racti on of the ch'i tti ng

i nh'i b'it j on wh'i ch persi sted 'in non-anti bi oti c treatments.
Chì tti ng of treated grai n v',as at its greatest 'in the germi na-

tion box env'i ronment. Thus, it was apparent that the pre-

sence of a f i I m of mo'i stu re on the treated grai n su rf ace was

more i nhi b'i tory to chi tti ng than the presence of m'icro-

organi sms. In the germj nati on box envi ronment tneated grai n

chi tti ng i n the absence of excess water was greater f o'l I owi ng

the antibiotic head than the hydrostatic pressure tneatment.

Thus possibly micro-organiSms ìn and around the grain v{ere

i nhi bi tory to chi tti ng even i n the absence of excess water.

Bl um and Gi I bert (1959 ) and Gaber and Roberts ( I 969b )

proposed that micro-organ'i sms promoted water-sensitivity by

producing toxins and competing with the embryo for a lim'ited
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0Z supply. It 'is clear here that the'i r toxin production

and 0? competition l.las not the primary cause of chitting
inhibition in treated grain.

5.7 SUMMARY AND CONCLUS IONS

The abiìity of hydrostatjc pressure to inhìbit
gra'i n chi tti ng and subsequent root growth appeared to be si g-

nificantìy enhanced by testa/penicarp rupture. Sensitivìty
to treatment f a'i l ed to decl j ne wi th i ncneased steep j ng and

i rrespect'i ve of rad'i cì e emergence. The s'i gn'i f i cant i nh'i bi -

tion of root growth and gra'i n chitting follow'ing hydrostatic
pressure treatment was not shown by gra'i ns subsequent to com-

press'i on under Hr}r. Hydrogen perox'i de treatments d'i d

appear, however, to interf ere (absence of root hai rs ) w'ith

nonmal root deveì opment. In add'iti on, the f i nal root we'i ghts

of grai ns subjected to HZ0Z treatments tended to be gen-

erally less (not sign'i ficantìy) than that of control grains.

The husk of the barl ey graì n appeaned on'ly to pl ay

a mi nor nol e 'i n the perpetuati on of treated grai n chi tti ng

inhibition. In contrast, the integrity of graìn perìcarps

cons'i denably influenced the degnee of chitting ình'i bitìon.
Ac'i d decortication signifìcantìy impnoved the chitting of

treated graì ns both i n the presence (petri -di shes ) and

absence (genmi nati on boxes ) of grai n men'i sci .

The avai I ab'i ì i ty of f ree waten appeared to contri -
bute (less than pericarp integrity) to the persistence of

ch'itti ng and root growth i nhi b'iti on of treated graì ns.
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Excess water ( retu rn i ng gra i ns to a steep ) prevented

recovery. Intermed'i ate water vol umes deì ayed treated gra'i n

chitting and consequentìy reduced final root weights. The

ch'i ttì ng and root growth performance of treated grai ns expos-

ed to I ow water vol umes u,as observed not to be si gni f i cantly
different from that of control grains. However, the chjtt'i ng

ability of treated grains pìaced in a dry envjronment (dry

f ilter paper) was signif icantly less than control gra'i ns in
the same envi ronment and treated gra'i ns i n I ow water petri -
d'i shes.

Antib'i ot'ic treatments failed to restore treated
gnain ch'ittìng to control levels. However, the chitting of

treated grains germinated in antib'iotic sol ution and/or com-

pressed under antibiotic solution was sign'i f icantìy greater

than that of grains subjected to hydrostatic pressure before

be'i ng germi nated 'in water or anti bi of i c sol ut'i on. It appears

therefore, that micro-organisms did contribute to chitting
inhibition to a limited extent and that this contribut'ion
coul d be al I evì ated and/or prevented provi ded anti bi otj c

entered the grai n.

Grai ns subjected to hydrostatic pressure appeared

to exhi b'it many of t,he pnoperti es of waten-sens'iti ve graì ns.

However, the treated grai ns di ffered from water-sensi ti ve

grai ns i n sevenal respects. Fi rst'ly, al I treated grai ns had

al ready germ'i nated (had gwol len coleonhiza). Secondly,

whi I st I ow vol umes of f ree water di d compl etel y al I ev'i ate

chi tti ng ì nh'i bi ti on , absence of f ree water di d not. Thi rdl y,
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decortication f a'i ìed to total'ly obl ìterate ch'itt'i ng 'inh'i bi -

tion. In contrast, water-sensitiv'ity can be broken by the

removal of surf ace water f i lms (ìnterupted steep'i ng), testa/
pericarp rupture (swol'l en coleorhiza) and ac'i d decort'i cat'ion.

Thenefore i t wou I d seem reasonabl e to concl ude that the

grains subjected to hydrostatic pressure exhjbited a form of

water-sensitivity that was severe and that jn addit'i on the

determinìng s'i te of impos'ition was more closely associated

w ì th the embryo.
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CHAPTIR V I

THE MORPHOLOGY AND ANATOMY OF THE COLEORHIZA REGION

6.1 Introducti on

Yoshida et al. (1979) proposed that both the

destruct'i on of embryonic organs and mìcroflora pushed into

the embryon'i c region could be respons'i ble for the restriction

of respi ratory acti vi ty, abnormal metabol i sm and putrefac-

tion. Eyben and Droogenbroeck (1969) reported that hydro-

stat'i c pressure failed to push water into the embryo and that

cellular disruption did not occur. In addition, they

re jected the noti on that anox'i a coul d be responsi bl e f or

resp'i rator"y restriction. Yoshida et aì. (1979 observed, and

Pl ate 7 depi cts , that 'ink can be f orced i nto the embryonì c

region by hydrostat'i c pressure. Further, they determ'ined

that the moj stu re content of the endosperm and embryo

increased as a consequence of hydrostatic pressure treatment.

It'is apparent from the resuìts presented in Chapter 5 that

anoxia may have pìayed a sign'i ficant role in hydrostatic

pressure inh'i bition. Howeu9., anoxia may have resulted from

mechani cal damage sustaì ned du ri ng compress i on and

decompression. Dav'idson and Jangaard (1978) observed that

prior to wet steep-out roots were turgid, whilst foìlow'ing



Pl ate 7 Control grains were'immersed in'ink for
seconds . Tneated g ra i ns ule re 'i mme rsed
subjected to a hydrostatic pressure of
60 seconds. The i nk (0smi roi d fnee fl o
solution conta'i ned 1 part ink to 14 par

60
i nk and

2 kPa for
ng b'l ack )
water.

surf ace f ol I ow'ing
was germi nated on

'in
19
wi
ts

Plate 7a. Dorsal view of intact embryos,
1 ) controì , 2) treated.

Pl ate 7b. Cross-secti on through di stal col eorhi za regì on
1) treated, 2) control .

Pl ate 7c. Long'itud'i nal-section (paralìel to ventnal furrow)
through embryos, 1 ) controì , 2) treated.

Plate 7d. Cross-sect'i on through proxi mal col eorh j za reg'ion ,
1) treated, 2) control.

Pl ate 7e. Longi tudi nal -secti on (perpendj cul ar to ventral
furrow through treated embryo.

Plate 7f. Root hairs on dorsal coleorhiza
erupti on of sem'i nal s. The graì n

wet paper at room tempenature.



Hordeum vulgare ArgyleCv,

Plate 7
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steep-out roots were fl acci d. Kui per' (I97 ? ) noted that root

membrane hydrophob'icity decl ines w'ith'increased hydnostatic

pressure up to several atmospheres. Using a Cambridge Stere-

oscan MKI IA scanni ng eì ectron mi croscope, the col eorh'i za mor-

phol ogy of Bonanza and Arygl e was observed to determ'ine the

influence of treatment on structural integrity.

6.1.1 Materi al s and Methods

Bonanza was steeped wi th aeratì on at 15'C for 30

hours. Treated grains were subjected to a hydrostatic pres-

sure of 145 KPa for 30 seconds. Control and treated grai ns

1aene then fi xed by a procedure outl i ned i n 0'Bri en and

McCu'lìy (1981).. Initìa'lìy grains were washed 'in d'istilled

water. Primary fjxation t.tas carrjed out in a solution of 31"

gluteraldehJ{e in 0.05 M dibas'i c sod'i um phosphate buffen (pH

6.8) at room temperatune for 24 hours. Graìns were then

washed in four changes of 1:1 d'i stilled water/buf fer solut'ion

over t hour. Secondany fixatìon was then carried out in a

buffered I% solut'ion of osmium tetrox'i de fon 2 houns on 'ice.

Following fixat'i on in 0s0O the grains were aga'i n washed 'in

a 1:1 sol ut'i on of d'i sti I I ed water lbuf f er bef ore bei ng f i nal ìy

rinsed in distilled water.

Gra ì ns were then dehydrated 'in acetone as rec0m-

mended (Sorvaìl handbook). This involved dehydration up

through an acetone series (25, 50,70, 95 and 100%) with I

hou r and fou r acetone/water sol uti on changes at each step i n



146

the seri es. !.lhen dehydrati on coul d not be carri ed out con-

tinuously grains were left overnight in 70% acetone. Follow-

i ng dehydrat'i on grai n husks were removed bef ore each grai n

u,as sect'i oned perpendi cul arly to the f u rrow. The embnyo ends

of the grains were then critical po'i nt dri ed (CPD) Anderson

( I 951 ) i n a Sorval I cri ti cal poi nt dri en. The CPD grai ns

lvere then mounted on studs and coated w j th go'l d (approxì -
o

mate'ly 1004) using a Balzer sputter coater. SEM was then

u sed to exami ne 3 t reated and 3 cont rol gna ì ns .

6.r.2 Results and Discussion

The form of control col eorhi zas ulas as depi cted i n

Pl ate 8. The di stal regì on of al I col eorhi zas exami ned show-

ed some degree of surf ace djsrupt'ion. Proximal ly however,

col eorhi zas appeared to have a re'l ati veìy un'i f orm sunf ace

w'ith onìy the occasional disruption s'i te. Closer examinatìon

(Plate 9a) of the surface of coleorhizas revealed that a ruf-

fled surface fi lm was present thnough whìch the underìying

parenchyma cells could be dìscerned. Proxima'l ly discrete

apertures were observed to occur i n the fi lm above parenchyma

lacunae. Interceìlular spaces, (ìacunae), determined by the

polyhedral geometry of parenchyma cel I s, have been observed

in germination seeds (Gershoy et al. 1976). The apertures in

the pnoxima'l coleonhiza negion were most frequently dìscrete

(Plate 9b), however, occasionaìly they lvere fused by what

appeared to be film tearing (Plate 9a).



Plate I Cont rol
steepi ng

coleorhiza critical po'i nt
hours. (var. Bonanza)

dri ed after 30





Pl ate 9a. ontrol gra'i n, crìtical
roxi mal su rface deta i I
var. Bonanza).

dri ed col eorh'i za
30 steeping hours

c
p
(

poi nt
after

Plate 9b. contnol grain, dìscrete aperture and surface fiìmof the crit'i cal poi nt dried coleonhiza prox.ima'l
surface after 30 steeping hours (var. Bonanza).
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The genera'l f orm and su rf ace f eatu res of treated

col eonhi zas di d not appear to be di fferent from control s '

Treated col eorhi zas rlrere al so d'i srupted d'i staì ly (Pì ate 10a )'
In addition the surface film with discrete apertures (Plate

10b and 11a) tltaS al so present on treated col eorhi zas. Both

treated and control col eorhì zas had bacteri a adheri ng t0

the'i r surf aces (Pl ates 11a and 11b ). Bacteri a were al so

present with'i n lacunae (Pìate 10b).

The dì stal su rf ace di s rupt'i on and proxi ma'l f i I m

apertures may have been arti facts of the preparati on tech-

nique. Critical point drying would have been the least lìke-

ly sounce of distortion since the liquid/gas interface does

not exist at the critical point. Fixation and dehydrat'ion

would have been f ar mone ì'i kely sources of di sruption.

6.2 CPD VERSUS AIR DRYING FREEZE DRYING

6 .2.I Introduct'ion

In order to obtai n a measure of the rel atì ve con-

tributions of fixation, dehydratìon, ôîd critical point dry-

.i ng to col eorh'i zas d'i storti on, several sEM preparat'i on tech-

niques were used.

6.2.2 Materi al s and Methods

Bonanza t{as steeped with aerat'ion at L5oc. Grains

were removed f rom the steep at 30, 35, 44 and 46 steep'i ng

houns. Thirty houn grains ¡aere prepared for SEM by the tech-



Plate 10a. Treated grain, distal
poi nt dri ed col eorhi za
(var. Bonanza).

su rf ace det a'i ì of cri t i ca I
after 30 steep'i ng hours.

Plate 10b. Treated gnaìn, proximal
poi nt dri ed col eorhì za
(van. Bonanza).

su rf ace
after 30

detai I of crit'i cal
steep'i ng hours





Plate 11a. Treated grain, dìscrete
aperture and associated

col eonhi za su nface
bacteri a.

Plate 11b. Treated grain, coìeorhiza ruff led surface film and
bacteri a.
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nique outlined'in section 6.1.1. Grains sampled at 35 hours

wene f rozen f or 10 hours bef ore be'i ng f reeze dr j ed (FD) f or

24 hours. 0ne 44 hour grain sample was dehusked and allowed

to ain dry (AD) for 24 hours before be'i ng vacuum dried (VD)

for an additional 24 hours. Another 44 hour sampìe was

frozen for 24 hours before being VD for 24 hours. Grain

steeped for 46 hours was VD for 24 hours.

Bonanza grains (50) wene set to germinate at 25"C

in a petri-dish. After 20 hours grains with swollen coìeor-

hizas were f rozen 'i n ì iquid nitrogen (water stabil izat jon).

For each pneparation technìque the coleorhiza surface of 2

grai ns was exami ned.

6.2.3 Results and Discussion

The col eorhi zas of cPD grai n (P1 ate 12a) and those

of grain frozen in liquid nitrogen (Pìate 14d) showed the

least distortion. 0f the other techniques AD (Plate lZc and

VD (Pl ate 13a) appeared to produce less d'i stortion of the

total stuctu re than techni ques whi ch i nvol ved freezì ng

(Plates 13c and 14a).
The di storti on of su rface detai I was the I east for

CPD gr^ain (12b). F'i lm apertures of AD (P1ate 12d) and FD

(P'l ate 14b) graìns were mostly discrete in pr:oximaì regions.

The coìeorhiza surface film of grain frozen 'i n ìiqu'i d Nz

appeared to have shrunk as a result of preparation. The

extent of surface lacunae is far more visible'in these gra'i ns

( Pl ate 14d ) . Si mp'le VD of grai ns caused adi acent apertu res

to become both di storted and fused (Pl ate 13b ). Vacuum

drying of frozen grain caused severe dìsrupaion of the

coì eorhi za surface (Pl ate 13d ).



Plate 12a. Coleonh'i za critical
hours.

poi nt dri ed after 30 steepi ng

Pl ate 12b. Di stal surface detai l of cri ti cal
coleorhiza shown in p'l ate 12a.

po'i nt dri ed

Plate 12c. Coleorhiza air
hours.

and vacuum dri ed after 44 steepi ng

Pl ate 12d. Surface detai I
shown ìn plate

of a'i r and vacuum dried coleorhiza
l7c.





Pl ate 1.3a. Col eorhi za vacuun dri ed after 46 steepi ng hours.

Plate 13b. Surface detail of vacuum dried coleorhiza shown in
in pìate 13a.

Plate 13c. Coleorhiza frozen and vacuum dried after 44
steepi ng hours.

13d. Surface det,aiI of frozen and vacuum dried
col eorhi za shown i n Pl ate '13c.

Pìate
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Unl i ke the dj stal ends of CPD col eorhi zas (Pl ates

8, 10a and 12a) the di stal col eorhi za pont'i on of petni -d'i sh

germinated grains frozen in ìiquid NZ (etate 14c) l.rere not

di srupted. Thi s suggested that the d'i srupti on of the di stal

ends of CPD col eorhi zas di d not occur duri ng testa/peri carp

rupture. The occurrence of discrete film apertures jn CPD,

FD, AD and I i qu'i d NZ f rozen col eorhi zas suggested that i f

these were the consequence of prepanati on techni que, di stor-

tìons duri ng f ixation and dehydration were not necessary to

'i nduce thei r f ormat'ion. In add jtion, the presence of aper-

tures in the surf ace f i lm of CPD and FD coleorhizas 'indicated

that su rf ace tens'i on f orces were not respons i bl e f or thei r

formation. tlhere surface tension forces d'i d act (P'l ates LZd

and 13b) surface d'i stortion was much greater. However, the

coleorhizas sunface of FD grains (Plate 14b) was undulat'i ng

wh'i lst the surf aces of CPD and ìiquid NZ f rozen coleonh'i zas

( Pì ates 12b and 14d ) were not. In cont rast to sl ow freezi ng

(Plate 14b) rapid freez'ing in ìiqu'i d nitrogen (Pìate 14d)

avoids the distortion which may result as a consequence of

ì arge i ce crystaì formati on. The rate of thermal energy loss

dun'i ng rapìd freezing prevents the formation of ìarge distor-

ting crystals. Depend'i ng on the rate of napid cooìing and

the mo'i stu re content of the ti ssue, water may assume e'ither

the v'itreous state tvere there is inadequate time for mole-

cul es to assume i ce-l i ke confi gurati ons (nucl eati on poi nts )

or f orm i nnocuous i ce crystal s due to the l'i m'ited movement of



Pl ate 1.4a. Col eorh'i za f reeze dri ed af ter 35 steepi ng hours.

Plate 14b. Surface detail of freeze dried coleorhiza shown ìn
'i n pìate 14a.

Plate 14c. Coleorhiza frozen in liqu'id NZ

Plate 14d. Surf ace detaì I of coleorhiza f rozen in 'l iquid
N2.
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water molecules to nucleation poìnts (0'Brìen and McCulìy,

1981). Therefore 'it would appear that the surface distortion

(Plate 14b) caused by large ice crysta'l fonmatìon was not

respons i bl e for the di scnete apertu res. Indeed, where su r-

f ace distortion d'i d not occur f oì low'i ng rap'i d cooì'ing (Plate

14d) fi lm apertures were not di screte. The surface fi lm was

however, influenced by differing preparation techniques. The

AD and VD films (Plates 12d and 13b) appeared to be buckled

u pwards over I amel I ae. However, AD fi ì ms had di scnete apen-

Thetures despite the action of surface tension forces.

coleorhiza surface fi 1m may be the most sensjtive coleorhiza

feature, however, it is reasonable to assume ìt is more elas-

t'i c than a cell wall s'i nce few tears occurred in 'its surface

even when gra'i ns were AD and FD. In contrast, the combined

distortion of ìarge ice crystals and surface tension forces

nesulted jn ìarge holes in coleorhiza (Plates l3c and 13d).

6.3 EMBRYO DORSAL MORPHOLOGY

6.3.1 Introduction

The coì eorhi za su rface fi I m was present on steeped

and petri -di sh germi nated grai ns. Esau (L977 ) noted that the

coleorh'i za has been defined as degenerated primary root.

Dayan et al. (Lgl7) reported on the natune of the mucilagen-

ous I ayer (muci geì ) assoc'i ated w'ith the su rf ace of ba r.'ley
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roots. They observed that the muci gel had boundi ng membranes

that enclosed a heterogenous matrjx of gnanular reg'ions and

fi bri I I ar ì ayers. The thi ckness of the col eorhi za su rface

fi lm can be percei ved in Plate 14b as a result of the sur-

face di storti on. Bacteni a have been observed to produce

muc'i ì age on areas of wheat roots f ree of pl ant root muci gel

(Rov'i ra and Campbell, L974). In addition Rovjra and Campbe'l I

reponted that bacteri a adhere to the sheet muci gel of p'lant

ori gin by fibrous mucilage of bacteriaì orgin (See Plate

11a).

Dayan et al . (1977 ) drew attent i on to the dì ffi -

culty of extracting soìely mucìgel components from barley

roots steri I i zed w'ith anti b'i oti c. Thei r vlarm water extract
( roots shaken i n water at 35'C for 3 hours ) caused the least

disruption of root t'i ssue. 0n'ly a fraction of the mucigel

was sol ubl e i n the warm water extract. The sol ubl e fract i on

was detenmined to be comprized of low molecular urei ght poly-

sacchari des.

Thus it ìs possibìe that the coleonhiza and/or

associ ated bacteri a coul d secrete the su rface fi I m. In the

fol 1 owi ng experi ment the col eorh j za su rface rvas exami ned

pr^ior to imbibition.

6.3.2 Materì al s and Methods

Grains of Bonanza

su'l phu ni c aci d as descri bed

and we reArgyì e

sect i on

decort'icated in

?. The grains1n 5.3.
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wene then f i xed, dehydrated and CPD i n a s'imi I ar manner to

that outlined in section 6.1.1. The testa'immediateìy above

the embnyo of each gnain was removed with a'fine pair of

tweezers, StM was then used to exam'i ne the exposed dorsal

su rface detai ì .

6.3.3 Results and Discussion

The dorsal su rfaces of Bonanza and Argyl e embryos

were simìlar in appearance (Plate 15). The coleorhiza tips
( Pì ate 15 area A and Pì ate 164) appeared to have a crovln of

cleanly discernable rectangular surface cells. In contrast,

more proximal coleorh'i za regìons (Plate 15 area B, Plate 168

and Pl ate 17 ) .were covered wi th a h'i ghl y convol uted su rf ace

film through which the underlying cel I form could not be dis-

cerned. In the mi d regì on of the dorsal su rface of ( Pl ate 15

area C) the embryos had a distinct surface depress'ion. The

polyhedral forn of the surface ceìls linjng the depression

(P1ate 16C) were not obscured by the surface film which was

I ess promi nent i n thj s negi on. In contrast to the col eonhi za

surface, the coleoptì'l e surface (Plate 15 area D) did not

posses the convoì uted surface fi lm. In addition, the cel I s

in th'i s negion appeared to be elongate rectangu'l ar and have

thick walls (P1ate 16D).

The crown of rectangul ar cel I s c'i rcumscri bi ng the

coleorhiza tip (P1ate 164) could be interpreted as a root cap

vesti ge of the degenerate pri mary root. The amorphous



Plate 15. Dorsal
(var.
areas
18.

su nface of cri ti ca I poi nt dri ed embryo,
Argyle). See plate 16 for surface detail ofa, b, c and d. For structure e see p'late





Plate 16a. D'i stal portion (coleorhiza) of critical point
dried embryo (var. Argy'le).

Plate 16b. Highìy convoìuted coìeorhìza surface fì ìm of
cn'itical po'i nt dried embryo (var. Argyle).

P I ate l6c. Cel ì deta'i ì of
in mid region
Argyìe).

d'i st'i nct dorsal surface depnession
of critical poìnt dried embnyo (var.

Plate 16d. co'leoptiìe surface deta'i l'of cri tical point dri ed
embryo (var. Argyle).
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depos i t di stal to the crown of cel I s mi ght therefore be root-

cap exudate. Collins (1918) referred to the distinct crown

of cel I s on the barì ey col eorhi za apex as the embryoni c ap-

pendage. It was noted that the appendage lies ìmmediateìy

beneath the micropyle and that its celìs swelì rapidly on 'im-

bibitìon. Symons (1982) suggested that the papiììa (embryon-

ic appendage) possibly has an 'i nfìuence on the genminabiìity

of wheat. Hi s observati ons of col eorh'i zalpap'i ì I a deveì opment

and the pattern of grain coat spìitting led him to propose

that the papi'l ìa amplifies (by 15 fold) and focuses the cole-

orhiza swell'i ng pressure respons'i ble for initial coat spììt-
tìng. Further, he noted that the cells of the papilla do not

vacuolate tilì graìn drying and proposed that this slow pace

of deveì opment coul d have a I i mi ti ng i nf ì uence on germ'inati on

ability.
The presence of the convol uted su rface fi 1 m pri or

to imb'i bition (Plates 16b and 17) 'ind'i cated that the film
probably unfolds to accommodate coleorhiza swelì'i ng. The oc-

currence of proximaì fi lm apertures and di stal fi lm teari ng

just prior to chitting (P1ate 12b) indicated that new fi lm

materi al probably was not depos'ited subsequent to 'imb'i bi-
t i on .

Esau (1977 ) noted that the coleoptiìe possesses an

openìng near its apex and that stomatal and hydathodal open-

i ngs occu r on the i nner and outer ep'idermal su rf aces. The

coleoptiìe open'i ng (Plate 15 ar"ea e and Plate 18) was observ-

ed on the dorsal su rface of al I embnyos exami ned. Cont rol I -



Pl ate 17. Hi ghì y convol uted col eorhi za
cri tì cal poi nt dri ed embrYo

su rface fi I m of
(var. Bonanza).
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Pl ate 18. 0peni ng near
d ri ed embrYo

coleopti ìe a

(var. Argyle
ex of crìtìcal pointp

)
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ed apertures (stomates ) were not observed on the col eopti I e

donsal surfaces. Those aper tures that did occun (Plate 16D)

were uncontrolled and'intercel lulan. Sorokjn (1966) reported

that 'in oat coleopti ìes such apertures connected the external

atmosphere with an intercellular network of water ìined air

passages.

6 4 COLEORHIZA AND RADICLE MORPHOLOGY OF CHITTED GRAINS

6.4.1 Introduct'i on

The results presented in Section 4.3 i ndicated that

p¡i or to chitting (radic'l e enupt'i on) a hydrostatic pressure

of 96 KPa fa'i led to s'i gn'i ficantìy inhibjt subsequent root

growth. During preììm'i nary experiments however, 'it ¡aas

observed that a treatment of 96 KPa would inhibit root growth

i f appì i ed j ust f ol I ow'i ng radi cl e erupti on. In contrast, a

t reatment of 48 KPa su bsequent to ch i tt i ng dì d not i nh i b'it

root gnowth. These prel iminary experiments 'ind'i cated that

coleorhiza'i ntegrìty increased the magn'itude of the pressure

treatment requ'i red to induce inhjb'i tion of root growth.

It r^tas also obsenved that the coleorhizas of gra'i ns

set to germi nate i n petri -di shes coul d deveì op root hai rs

subsequent to chitting (P'l ate 7). In the fo'l ìowing experi-

ment the col eorhi zas of steeped chi tted grai ns t,tere ex-

am'i ned.
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6.4 .2 Materi al s and Methods

Bonanza and Argyì e were steeped with aerat'ion at

I 5"C for 46 hours. A sampìe of chitted graìns r¡as prepared

for sEM as outlined in section 6.1.1. In add'ition several

gra'i n col eorhi zas were bi sected a'l ong a tangent'i aì pì ane

above the I ong'itud'inal ax'i s. The upper porti ons of the col e-

orh.i zas were then removed al ong with the radi cl e and sem j nal s

embedded .in the I ower port i ons. The I ower port j ons of the

col eorhi zas wene then prepared for StM as outl ì ned i n Secti on

6.1.1.

6.4.3 Results and Discussion

Pl ate 19 shows the spì'i t that deveì ops j n the col -

eorh'i za due to rad j cl e growth (erupti on ). General l y by th'i s

stage of devel opment di stal col eorhì za su rface cel I fì I es

were quite disrupted. Mo¡'e proximaìly however' coleroh'i za

int,egrity was not visìbly influenced by the eruption of the

radi cl e . The col eorh'i za su rf ace cel I s appea red to ha ve I ost

the polyhedral form displayed at 28 steep'i ng hours and gener-

aììy were fan more eìongated. In addition, ìongitudinal

i ntercel I ul ar spaces were more frequent. The col eorhì za su r-

face fi lm was often absent above cel ì junctj ons and fewer

d'i screte apertures were observed. The persi stence of the

f i ìm even after 46 hours steepi ng suggested that a consi der-

abl e fracti on of i ts components waS not water sol ubl e ' In

addit'ion the absence of fiìm above the more numerous 'inter-

cellular spaces ind'icated that either new film was not being



Plate 19. Radicle enupting (chitting)
critical Po'i nt dried graìn,

through col eorh'i za of
(var. Bonanza).
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deposìted or that the nate of deposition '¡,as inadequate to

compensate for the increase in coleonhiza volume.

The tips of coleorhiza occas'iona'l 'ly bone a portion

of tissue that appeared to be structuraì ìy detached from the

rest of the t'i ssue at the su rf ace ( Pl ates 10a , 19, 20 ). The

detachment of ti ssue generaì ly took pì ace al ong a ci rcumscrj -

bi ng dì stal f urnow. Th'i s d'i stal f urrow or f ol d was observed

occasionally (Plate 20) on coìeorhizas at an earl ier stage of

deveì opment. It i s concei vabl e that thi s fu rrow del ì neates

the embryon ì c appendage. Symons et al . ( 1984 ) note howeven

that the coleorhizal pap'i ììa (embryonic appendage)'is eas'i ìy

detached. It tras also observed that often a portion of cole-

or^h'i za tjssue y¡as car¡i ed forth by the eme¡ging radicle.

Plate 2I depicts the erupting radicle and jts as-

soc'i ated root cap. Root cap cells immedìately behind the

radìcle tips often appeared to be crushed and ruptured. Al-

though amorphous debri s lvaS present on radi cl e ti ps no muci ì -

age or bacteri a were observed. Di staì I y, root cap cel I s t,tere

intact and when attached to the surface appeared to be close-

I y packed to ad j acent cel I s. Each root cap cel I was genera'l -

ly cyìindrical and greatly elongated. The eìongat'ion of

cells increasing (50 to 300 ¡- m) wìth greater displacement

fnom radi cl e ti ps. In contrast the protoderm cel I s beyond

the root cap appeared rectangul ar and el ongate (50 to

100 /rm). The protoderm was devoid of intercellular spaces

but d'i d appear to bear a film.



Pìate 20. Dìstal furrow or fold of coleorhiza of critical
poìnt dried grain steeped for 30 houns, (var.
Bonanza).





Pl at e ?I. Erupti ng radi cl e
cap of crì t i cal
Bonanza).

(chìttìns)
point dried

and associ ated root
grain, (var.
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The 'i nternal surf ace of col eorhi za chambers whi ch

prevì ous'ly encl osed root i ni ti al s rrrere I i ned with cel I s

(Plate 22) wh'i ch appeared to be identìcal to those of the

root cap. Large i ntercel I uì ar Spaces were present that coul d

be seen to extend f or several cel I l ayers. Bes'i deS the f re'

quent pi eces of debri s of whi ch many appeared to be cel I

fragments, bacteri a were noti ceabl y absent on the i nternal

surfaces of coleorh'i zas. It 'is poss'i ble that the cells on

the i nternal surf aces obsenved were mere'ly I ef t beh j nd by the

root cap. However, the ent'i re I ength of the radi cì e chamber

r{as I i ned wi th the el ongated cy'l i ndri cal cel I s.

6.5 COLEORH I ZA ANATOMY

6.5.1 Introduction

The coleorhiza is a non-vascular (Hector ' 1936)

parenchymatous (Percival, IgZI) structure. Gershoy qL al.

( 1976) neported that i n germi natì ng embryos ramì fyi ng gas

channel s ane def ì ned by the contact geometry at the junct'i ons

of three or more enl arged rounded pol yhedral parenchyma

cel I s. The presence of rami fyi ng channel s 'in conti nuum w j th

the surface lacunae observed (Section 6.1.2) may provìde the

maj or pathway by whi ch i nk under pressu re neaches the nodal

reg i on of the embryo ( P'l ate 7 ) .

Hydrostatic pressure treatment (sect'i on 6.1) did

not appear to mod'i fy col eorhi za surf ace morphol ogy.



Pl at e 22. Cel I deta'i I of i nternal su rf ace
chamber of cri ti cal po'i nt dri ed
Argyle).

of col erohi za
grain, (var.
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Modi fi cati ons coul d, however, have been obscu red by SEM pre-

parati on techn'i ques . Yoshi da et al . ( 1979 ) proposed that the

i nhi bi ti on of respi rati on and growth f ol'l owi ng treatment may

be due to embryon'i c d'i sruption. Such disruption might not be

di scerni bl e f rom sunf ace exam'i nat'i on. In an attempt to de-

term'ine whether cel I ul ar d'i srupti on occurs duri ng treatment

barl ey embryos t,rere secti oned.

6.5 .2 Materi al s and Methods

Argyle was surface sterilized as 'in Sect'ion 5.3.2.

Foìlowing steril'i zation the gra'i n was steeped with aeration

at 15oC for 26 hours. Treated gra'i n was subjected to a

hydrostati c pressure of 193 KPa for 30 seconds. Embryos were

removed by cutt'i ng through the gra j ns with a razor bel ow the

scutellum d'i sc. The embryos were then immediateìy fixed

f o'l I owi ng the same procedune as that outl'i ned i n Secti on

6.1.1.
Following fixat'ion the embryos were dehydrated up

through a (25, 50, 75, 95 and 100%) ethano'l seri es. Each de-

hydrati on step I asted I hour duri ng whi ch tì me the dehydnant

vlas renewed every 15 mi nutes. Fi naì ì y the embryos vtere

stored overnight (room temperature) in 100% ethanol. Fol low-

ing dehydration ethanol was displaced through a propylene

oxi de/ethanol serj es (25, 50 , 75 and 100%). The fi rst three

steps i n the seri es were carri ed out over a peri od of 30

mi nutes. The f i nal d'i spì acement step 'invol ved 3 changes of

100% pnopylene oxjde over a period of I L/2 hours.
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F'inal ìy the embryos were embedded in Spurr's stan-

dard resi n ( Spurr, 1969 ). The fi rst three steps i n the

embedding procedure involved jmmersìon of the embryos for 1

hour in resin/ propylene oxide solutions (25, 50 and 75%

resi n ) . The embryos wene then I eft overni ght i n 100% Spu rr's

resi n. Infi I trati on wi th fresh resi n ever yday lvas contì nued

for a fu rther 4 days. Eventuaì ì y the embryos were pl aced i n

foì I di shes and covered with fresh resin. The di shes were

then transferned to a vacuum oVen at 70'C for 24 hours during

wh'i ch time the resin poìymerized.

Embedded embryos were sect i oned us i ng gl ass bl ades

and a Re'i chert 0m UZ microtome. The sections (1 f-n thick)

were floated'into a water filled boat immed'i ateìy behind the

cutti ng edge. From the boat, Sêcti ons were transferred to

drops of I01" acetone on geìatin coated (0'Brien and McCully'

1981) g'l ass slides. The sections were flattened by passing

t he s I i des above an aì cohoì fl ame.

The sections were sta'i ned for 15 m'i nutes w'ith L%

toluidine bìue in L% aqueous borax. Foììowing sta'i ning the

secti ons were washed f or 10 to 15 mi nutes 'in runni ng di st j I -

I ed water. Secti ons were mounted 'in di st'i I I ed water bef ore

being viewed with a Nikon mjcroscope (optiphot model XF-EF).

Photographs t{et^e taken using 35 mm Kodak Panatom'ic-X f i ìm

(ASA 32).
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6.5 .3 Results and Discussion

Duri ng exam'i nat'i on of numenous sect'ions no apparent

di fferences t,lere observed between the ti ssue of control and

treated grai ns. Hith the exceptì on of the outer boundì ng

ì ayer (col eorhi za su rface cel I s ) of parenchyma , the ì nternal

cell layers were ìoosely packed. Although most intercellular

s paces observed were the consequence of cel I geomet ry '

numerous Other I arge spaces wene not. In croSS Secti on the

surface boundì ng cel I s were frequently cubi cal and smal I er

than cel I s bel ow the Su rf ace. In contrast, the under'lyi ng

cel I s appeared to be rounded and enl arged wìth numerous

facets. Longi tudi nal secti ons confi rmed that the cel I s whi ch

compri sed the distal portion of the coleorh'i za were poìyhe-

dral in form. Coleorhiza cells jn aneas adjacent to the

rad'i cl e were reveal ed 'in ì ongi tudì nal secti on to be eì onga-

ted. In add'it j on, the degree of el ongati on tended to i n-

crease wjth depth, such that cel I s cl osest to the radj cl e

were of ten as el ongated as rad'i c1e-cap ceì I s.

cross sections (Plate 23a and b) of the distal end

of the col eonhi za exposed a ì arge vest'i bul e between the

rad'i cì e-cap and the di sconti nuous i nternal Su rface of the

coleorh'iza. The dimensioni of the vestibule were incl ined to

be greatest bel ow the dorsal su rface of the col eorhi za.

Ventraì ì y rad'i cl e-cap cel I s made i nterm'ittent contact w'ith

adjacent col eorhi za cel I s. The vesti buìe often appeared to

be conti nuous wì th other col eorhi za ì umens, some of whi ch



Plate 23a.

Plate 23b. C.S. showing radicle meristem and cap.
(var. Argyle). Bar = 166¡l*.

C. S. show'i ng ì oose pack'i ng of col eorh'i za cel I s,
vestìbule and radicle cap.
(var. Argyle). Bar = 150At.
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extended to within a few cel I layers of the surface. In con-

t rast to the coì eorhi za cel I s the cel I s of the radi cl e-cap

had dense cytoplasms and were tightìy packed in such a manner

that the cap appeared to lack interceì I ular spaces. Despite

thi s ti ght pack'i ng, the outer cel I I ayer of the nadi c'l e-cap

cel I s appeared to be di sconti nuous.

Further basipetaì cross sect'ions (Plate 24a and b)

revealed that the vestibule pers'isted beìow the level of the

nadi cì e-cap. Here however, the i nternal cel I ì ayer of the

col eorhì za was I ess d'i s rupted and f ewer I umen extended of f
the mai n vestì bul e. In addi ti on , the pack'i ng of col eorhì za

cells was observed to be tìghter in th'i s reg'i on. This was

especi al I y noti ceabl e i n the ventral regì on of the col eorhi za

where the radi cl e i mpì nged upon the i nternal su rface.

Proximal'ly the rounded outline of the distal region

gave r{ay to an oval form (Plate 25a and b). In th'i s region

two di scnete I umens ( P1 ate 25a ) were observed to fl ank the

radi cl e vesti bul e whi ch was becomi ng i ncreasi ngl y reduced.

Basipetal ìy the flank'ing lumens were partially occupied by

the caps of other i ni t'i al s. In thi s regi on the col eorh'i za

tissue ventral to the radicle was compressed (Plate 26a and

b). The cells in this region had a squamous outìine and

appeared to interlock like pìeces of a jigsaw puzzle such

that f ew 'intercel I ul ar spaces were present.

The final cross-sections (P1ate 27) revealed that

the vestibule around the radicle became increas'ingly reduced



Plate 24a. C.S. coleorhiza, radic'l e côp, protoderm,
ground meri stem and procambi um.(var. Argyle). Bar = 15apn.

Plate 24b. C.S. coleorhiza
(var. Argyle).

cortical

nadicle. Note ìate metaxylem.
= 153 ts*.

and
Bar





Pìate 25a. C.S. showing d'i screte seminaì lumen and
d'iminished radicle vestibuìe.
(var. Argyle). Bar = 153¡lm.

Pìate 25b. C"S. show'i ng root caps of
en I a rged I umen adj acent to

sem'i nals occupyl ng
vest'i buìe.

(var. Argyle). Bar = L7l ¡
rad'i cìe
m.
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Pl ate 26b.

26a. C.
a)
b)
c)
d)
(v

Bar

S. ventral coleorh'i za reg'i on.
protoderm
muci geì
i ntenf ace
celìs with squamous appearance.

ar. Argy'l e).
= 36 ¡m.

Phase
Bar =

cont rast of
36 ¡n.

p I at e 26a.





Pìate 27. C.S. coleorhiza showing
contact with most of the
(var. Argyle). Bar = 204

col eorhi za ti ssue
radi cl e su rface.
tn.

ìn
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bas'ipetaììy. Similarly the flanking lumens became increas-

ingly occup'ied by the adjacent seminals. It appears (P'late

27) that the adjacent sem'i nals could have been d'i srupting the

col eorhi za.

In longitudinal sect'ion (P1ate 28) the relat'i've

densj ti es of coì eorhì za and radi cl e ti ssue were more appar-

ent. The di stal end of the col eorhì za was comprì sed of th'ick

wal I ed ceì I s whi ch appeared to bear the remnants of compres-

sed cel I s (Pl ate 29a ). Thi s compressed I ayen may have been

the remains of the pressure papììla wh'i ch Symons (1982) noted

to be very sensjtive to preparation techn'ique.

The cel I s of the col eorhi za t'i ssue appeared gener-

a'l ìy to have a 'l arge single vacuole which occup'ied most of

the cel I vol ume. In contrast, the cel I s of the radj cì e-cap

( Pì ate 29b ) had numer ous smal I er vacuol es that presumabl y

woul d have eventual ly coal esced. In addi tì on , 'intercel I ul ar

spaces were not observed 'i n the rad'i cl e-cap ti ssue. The

qu'iescent centre (C'l owes, 1984 ) and the dì stal porti on of the

procambial cylinder (Pìate 30a) also lacked intercellular
spaces. Api cal i ntercel ì ul ar spaces d'i d occur however, be-

tween adjacent files of cortical initials. Roland (1978)

descri bed the f ormati on of such cav'iti es i n root api ces. He

reported that the process i nvol ved a preci se autoì yti c part-

ing of a splittìng layer that is deposited between adjacent

ceì ì wal I s

The cel I s at the radi cl e base ( Pt ate 30b ) were ar-

ranged in discrete stacks. Each stack appeared to have

arisen from basipeta'l and acropetal anticl'i nal d'i v'i sions of a



Plate 28. L.S. distal port'ion of coleorh'iza.
(var. Argyìe). Bar = 15ùp*.





Plate 29a.

Plate 29b.

. tip of
possi ble
Large pol
r. Argy'l e

coleorhiza
remnants o
yhedra ì ce
). Ban =

api I ì a

of tì p.
fp
lì

35

L.S
a)
b)
(va /^..

L.S. radicle cap'i n close proximity to coleorh'i za
tissue.
a) coleorhiza tissue with large celì vacuoles and

'i ntercellular spaces
b) nadicle cap ceìls with dense cytopìasms

nu_menous small vacuoles.
(var. Argyle). Bar = 29y.n.





Plate 30a.

Pl ate 30b.

L.S
a)
b)
c)
d)
e)
(va

. rad'i cl e apì cal meni stem.
rad'icle cap
qu'iescent centre
protoderm init'i als
provascul ar cambi um
apical intercellulary
r". Argyìe). Bar = 36/¡.m.

L.S. radìcle base. The (co'l umn) base of the
provascul ar t'i ssue can be seen top centre of
pl ate.
a ) cel I stack wh'i ch appears to have ari sen f rom

the d'i v'i sion of a s'i ngle cell.
b) trianguìar interceìlular space.
(var. Angyle). Bar = 31¡,m.
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si ngl e cel I . Where thnee of these stacks 'impi nged an

approximately triangular intencellular space occurred.

In the I ongi tudi nal sectj ons exami ned the ì arge

vesti bul e su rroundi ng the rad'i cl e was not seen. However, a

continuous intertissue space at the radicle/coleonhiza inter-
face was observed (Pìate 31a and b). It is possìble that the

ì ong'itud'i nal secti ons were made through the negì on where the

radìcìe imp'i nges on the ventral'internal surface of the cole-

orhìza, that is, where the radicle vest'i bule dimension was at

a min'imum. Alternativêly,'in the two graìns from wh'i ch'long-

i tudi nal secti ons were made, the radi cl e may have al ready

swol ì en to occupy most of the vest'i bule. Irrespect'i ve of

thi s however, the i nterface gap between the radi cl e and col e-

orhi za ti ssue conti nued to the base of the radi cl e where 'it

was cont'i nuous w'ith the i ntercel I ul ar spaces of the scutel I um

( Pl ate 3?).

During examinat'ion of ct'oss sect'ions the radicle
was observed to be compl eteì y su nrounded by a muc'i I agenous

I ayer ( Pl ate ?4b, 26a and b ) whereas the radi cì e-cap l.las not

(P1ate 25a). 0ccasionaìly the muc'ilagenous layer appeaned to

traverse the vestibule (Pìate 33) and make contact with adja-

cent col eorh j za cel I s. The root muc'i geì as di sti nct f rom

root-cap muc'ilage has been reponted (Esau, 1965,.Dayan et al.
I977 ) to result from the ge'l atinization of cell wall material

between the rootcap and protoderm. The absence of the

muci ì agenous l ayer on the rad'i cl e-cap i n contrast to 'its



Plate 31a.

Pl ate 31b.

L.S
a)
b)
c)
d)
(va

. radi cl e col eorh'i za i nterf ace.
protoderm
muci geì
radi cl e cap cel I
intertìssue space
r. Argyìe). Bar = 3bzlLm.

Phase
Bar =

contrast of Plate 31a.
35 ¡m.





Pl at e 32. L. S. scutel I um and endosperm. Showi ng
intercellularies, coìumnar epitheì'ial
depletion layer and endosperm matrix.
(var. Argyìe). Bar = 200Ér.

scutel lum
ìayer,





Plate 33. C.S. radicle and
nadi cl e mucì geì .
(var. Argyìe). Bar

coleorhjza tissue. Showing

= LZ ¡Ln.
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presence between radic'l e-cap cells and the protoderm (Pìates

3l.a and b ) has been reported on root pri mordi ums ( Esau ,

1977 ). l,lhere the muci gel traverses the vesti bu'le, the move-

ment, of apopl asti c water f rom the col eorh'i za to the rad'i cl e

may be faci'l itated.

6.6 SUMMARY AND CONCLUS IONS

The scannÌ ng el ectnon micrographs of CPD gra'i ns in-

d'i cated that hydrostat'i c pressure failed to discernibly
'i nf ì uence col eonhi za i ntegri ty. The d'i stal su rf aces of both

tneated and control col eonhi zas wene quite di snupted and bore

ruptured ceì I s. The ori gi n of thi s dj sruptì on was uncertaì n,

however, sevena.ì poss i bl e sou rces were noted. These vtere 1 )

testa/pericarp rupture, 2) abnonmal distri bution of swe'l 'l 'i ng

strai ns due to excessi ve water uptake duri ng aerated steep-

i ng, 3 ) sudden shri nkì ng stna i ns du ri ng the fj rst dehydrati on

step, âñd 4) gra'i n impact caused by the turbulent action of

steep aeration. 0f these sources the last two appeared to be

the most ìike1y.

Proxima'l 1y the surf ace of col eorhi zas bore di screte

apertures determined by cell geometry. The average radjus of

these apertures v{as approximately a0 ¡n. From the equa-

tion1l an excess pressure of appnoximately 37 KPa would

11.*cess pressürê¡ p1 = 2/
r

= aperture radi us (approximately
= water surface tension (7.4 x L

where r
and 2t

40 x
o- 2Nm-

to-6m)
¿)
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be nequired fon water to gaìn entny. Aperture hydnophob'i city
woul d however, i ncrease the mi ni mum excess pressure requi ned

for water to gain entry.

In cnoss sect'i on the coleorhiza t'i ssue appeaned to

contain numerous intercellulan spaces. In addition a vestj-
bule was observed between coleorhizal internal surfaces and

semi nal roots. Un I i ke the outer boundi ng cel I I ayen of the

cel I I ayer of the col eorhi za, the i nternal cel I I ayer was

discontinuous. The discontinu'ity and ìarge vestibule may

have si mply been the consequence of col eonh'i za swel I i ng.

Alternati ve'ly however, ethylene induced lys'i genous aerenchyma

f ormati on duri ng steepi ng mi ght have been respons'i bl e f or the

vestibule and coleorhizal discontinuity.

The results pnesented do not establ'i sh whether a

gas or waten phase occupi es the coì eonhi za i ntercel I ul ari es

and vestjbule. I'loo'l ley (1983) drew attention to the'inexpl'i -
cable presence in p'lant,s of gas phase intercellulari es in

equil'i brium with water. In addition, he noted that anoxìa

could cause such intercellularies to flood. Hough et -q-]_.

( 1971 ) stated than even 'i n aerated steeps the I evel of d'i s-

solved 02 inadequately supports complete aerobjsm. Hydro-

phobi c monol ayers have been proposed (Soroki n, 1966; Rol and,

1978; t,looì'l ey, 1983) to line gas fiìled'intercellularjes, it
woul d seem ì i kely that the internal surface of the col eonhi za

bore such a'layer and that this mechanism would prevent vest-

i bul e fl oodi ng du ni ng swel I i ng. The presence of a gas phase
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has been reponted in barìey embryos f ol lowing 'imb'i bit'ion

(Aììenup, 1969) as well as in bar''ley coleoptile and corn

scutel I um ti ssue sl'i ces (0hmura and Howel I , 1960).

Hydnostati c pressure treatments (Chapters 4 and 5 )

probabìy forced water ('i nk, Yosh'i da, et al. L979) into a pre-

viousìy gas filled embnyonic vestibule. The excess pressure

requi red appears, based on aperture radi i and the mi ni mum

chitt'i ng 'inhib'ition pnessure (96 KPa Section 4.3), to have

been determined by aperture hydrophobicity and tjssue hydrau-

l'i c conductivity (tortuosity), a property of root tissue

wh'i ch has been reported (Fiscus, L977 ) to vary wìth tissue

density and rise to a constant level with increased hydro-

stat'i c pressure.
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CHAPTTR V I I

RESPIRATORY ACTIVITY

7 .I Introduct'i on

tyben and Droogenbroeck (1969 ) , Davi dson and

Jangaard (1978) and Yoshida et al. (1979) al I neponted that

hydrostatic pressure restri cted the respìratory act'i v'ity of

steeped gra'i n. Eyben and Dnoogenbroeck (1969) observed that

the degree of restriction'increased with greater magnitudes

of treatment and that the recovery perì od was prol onged by

greater treatment dunati on. Yosh'i da et al . (1979) determi ned

that the resp'i natory restrictions associated with 'independent

treatments were cumul ati ve and that treated gra'i n may never

re-establ j sh pne-treatment nesp'i ratory level s. The results

presented in Chapter VI indicated that hydrostatic pressure

t reatments (up to 193 KPa for 60 seconds ) fa i I ed to di s rupt

the 'integrì ty of the col eorhi za and radi cl e meri stem.

Although tonoplasts appeared to be intact, temponary (Kuiper,

1972) or permanent (Coster et al . I977) modifìcat'ion of mem-

brane properti es may have taken pl ace duri ng treatment. Such

mod'i ficat'i ons may have affected the ability of cells to func-

tion normaììy. In the folìowing experjments the viabiì'ity
and 0Z consumpti on of treated grai ns were invest'i gated.
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1 The Tetrazol i um V'i abi I i ty Test

The tetrazol i um test i s frequently used to deter-

mine the viabìì'ity of bar"ìey graÍns (Brookes, I979) as well

as other pìant tissues (De'l ouche et al. 1962). The colou'r-

less solution of the tetrazolium salt (?,3,5-triphenyì tetra-
zolium chloride) is reduced to an insoluble red formazan by

the activity of dehydrogenase enzymes (Bewìey and Black.

1982). The loss or absence of dehydrogenase activìty is

often associated with a concurnent ìoss of respi ratory acti -

vity and seed viabil'ity (Deìouche et al .1962). Bewley and

Bl ack (1982) note however, that dehydrogenase acti vity does

not ensu re vi abi I i ty.

7 .1.2 Materi al s and 1''lethods

Argyìe r{as surface steril'i zed for 2 hours (as out-

I ined in Section 5.3.2) before being steeped wìth aenatìon at

15'C for a further 28 houns. Treated gnains were subjected

to a hydrostatic pressure of 193 KPa for 30 seconds. Thi rty
houn sampìes of treated and control grai ns lvere then subjec-

ted to the tetrazolium test. Additional grain samples were

set to continue germination at 15"C for a further 30,90, L20

or 180 hours in petri -djshes before being subjected to the

test. Each petri-dish (replicate) conta'i ned 20 grains, 2

!.lhatman No. I fi I ter papers and 4 ml of water. For each

germi nati on ti me, 6 repf i cates of each grai n type were set

up.

I
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At testi ng t'ime the graì ns of each repl'i cate v,,ere

sectioned longitudina'l 'ly. This sect'i on was made slightly to

the s'i de of the ventral furrow to ensure the radicle was left
intact in one grain half. Repìicate grain halves (with in-

tact radi cl es ) were then pl aced i n i nd'i v'i dual gì ass vì al s

containing (0.5%) 2,3,5-triphenyl tetrazol'i um chloride. The

vials were then p'l aced in an oven at 40"C for t hour. Fol-

I ow'ing removal f nom the oven the embnyo reg'ions wene exami ned

for stain deveìopment. A mean sta'i n deveìopment number for

each embryo negion was then determined from the 6 (20 grains

per repìicate) repl'i cates of each grain type.

7.1.3 Results and Discussìon

The resul ts for embnyo regi on stai n devel opment are

presented in Table 13. Four m'i I I i I itres of water was used 'in

each petri-dish, as this volume was shown to be inhibitory to

the contj nued germi nati on of treated grai ns (Secti on 5.4 ).
Generaì ìy the 'i ntens'ity of staì n deve'l opment h,as I ess f or

treated grains at all germination t'imes. However, w'ith the

exception of the rad'i cles of a few treated grains all other

embryo regions d'i d sta'i n. The absence of staining 'in treated

gra'i ns uras only significant (p = 0.05) from L20 hours onward.

The absence of radicle staining after L20 hours did, however,

significant'ly 'i ncnease with germinat'i on time such that the

greatest number of non-stai ned radi cl es occurred in the fi nal

180 hour treatment samp'les.



TABLE 13. Tetrazol iuml staining of Argyle embryos subJecÌed
pressure2 al 28 steeplng hours prlor to belng germinated

lo hy drostat I c

in petrl-dishes 3

Treatment

50 Hour (Control )

Tre atme nt

60 Hour (Contro I )
Tre atme nt

I 20 Hour (Control )

Tr eatme n t

150 Hour (Control )

Tr ea lme nt

210 Hour (Control)
Treatment

CV

Mea n

Coleorhlza
Number of Slalned Embryo Reglons

Radlcle Node Scutellum Plumule
Number of

Chltted Gralns

10.4

19.74
19 .3

19 .7
19.5

20 .0
20.0

20. 0
20.0

0.0
0.0

a'
a

1 .7

20.0
1 9.6

1.8

20 .0
20.o

20.0
20.0

20.0
19.5

20.0 a

19.5 a

20.0 a

17.3 b

4.4

20.0
20.0

20 .0
19.5

1.6

20.0
20.0

20.0
20.0

20 .0
20.0

20. 0
20.0

20.0
20.0

19.8
7.3

19.8
1 9.8

19.7 a

16.5 c

19.8
19.5

20.0
20.0

19.3
I1.0

19.8 a

13.5 d

19.8
I 9.8

19.8
19.8

19.8
19.8

19.3
9.2

2.5

1O.SÍ 2,3,5-'lrlphenyl tetrazol lum chloride.
2193 KPu for 50 seconds at 28 sleep I ng hours.
SEach petrl-dlsh (repl lcate) contalned 2O Argyle gralns, 2 Whafman No.l fl lter papers and 4

ml of water.
4Each mean r{as defermined from slx repl icates of 2O grains.
5M"un numbers fol lowed by the same alphabetlc subscript are not slgniflcantly dlfferent at

alpha 0.05 (Duncanrs multlple range test). N)
f\)
t\)
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Pl ate 34 portrays fi ve i nhi bited treated grai ns

fo'l lowing ?10 hours germination time. Four of the treated

gr.ains shown in the photograph have radjcles whìch failed to

sta'i n. Del ouche et al . 1962 notes that grai ns where more

than 314 of t,he rad'i cl e f a'i I s to stai n are non-germi nabl e

(non-v'iabìe). These results indicated that one possible out-

come of hydrostatic pressure treatment was the loss of rad'i -

cle dehydrogenase activ'ity. Hotllever, ìt is important to note

that 'in aì I si gni f i cant treatment cases the number of non-

sta'i ned radi cl es never exceeded 33%.

The si gni f i cant i ncrease i n non-sta'i ned treated

radicles with germ'i nation time indicated that where radicle

t'i ssue tost its viabiìity, it was not the 'immed'i ate conse-

quence of treatment. The treatment may have rei nstated pre

testa/pericarp rupture anoxia (resp'i ratory lag, Phase II '
Bewì ey and Bì ack, 1978) or perpetuated steep-imposed anoxì a

that exi sts f oì ì owi ng coat rupture even 'i n aerated steeps

( Hough et al . 1971). Thus treated graì ns in the germinat'i on

envi ronment may have remai ned 'i n Phase II whi I st control

grains progressed into respiration Phases III and IV. The

treatment imposed anoxia (Phase II) wouìd promote the accumu-

I ation of ethanol and lactic ac'i d in the steeped barìey. The

ability of the grain to tolerate the extended anoxja (avoid

alcohol narcosis) would depend on the grain's gìycolytic

rate, lactic acid 0Z debt carrying capability (Crawford,

l977) and the potential for alcohol ox'i dation (Cossins and

Turner, L962). The accumul ati on of ethanol w'iJ,hi n steeped



Plate 34. Five ìnhibited treated graìns after a total of 2I0
hours germi natj on tj me
(var. Ar^gyìe).
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banìey grain has been reported to be a potential source of

germi nati on i nhi bi t'i on (Brookes et al , 1976). In contrast to

ri ce, bârl ey grai ns have been determ'ined to be i ncapab'l e of

converti ng ethanol to ethanal even under aerobi c condi tì ons

(Cossins and Tunner, 1962). Crawford (t977) proposed that

the anoxia tolerance of rice gra'i n is derived from its low

glyco'lytic rate and ìts abiìity to accumulate a lactic ac'i d

0Z debt. In 'i ntoìerant grains anoxia st'imulates an in-

creased gìycotytic rate which results in greater lactìc acid

and ethanol accumul ati on. Further, the accumul atì on of

lact'i c ac'i d reduces the pH and favours jncneased decarboxy-

lase activity. The accumulated ethanoì eventualìy fluìdizes

cel I membranes further reduci ng the cel I change and perma-

nentìy inactivating mitochondria. The mitochondrial inacti-

vation results in the inabitity of grain to establish Phase

III respirat'i on when returned to aerobìc conditions.

Thus reduced membrane hydrophobi ci ty i nduced by

ethanol accumul ati on m'i ght have been responsibl e f or the loss

of radi cl e vi ab'i l 'ity ( Pl ate 34 ) . However ' even 'if ethanol

dehydrogenase was not act i ve the act i v'ity of other dehydro-

genaSes coul d have reasonabl y been expected to have been

detected. Perhaps the narcoti c effects of ethanol accumul a-

ti on had progressed to such a degree that protei n degenera-

tion and cessation of cel I metabol ism occurred befone the

tetraz'olium test was carried out.
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The majority of inh'i b'ited treated grain rad'i cles

di d staì n (centre grai n Pl ate 34 ). However', ì rrespect'i ve of

th'i s dehydrogenase activity the rad'i cles of these 'i nh'ib'ited

treated gra'i ns of ten f ai I ed to grow beyond erupti on through

the coleorhiza (ch'itt'i ng). Bewìey and Black (1982) noted

that the presence of such actì vi ty does not ensu ne vi abi 1 ì ty.

In Sect'i on 5.5 i t was shown that treatment resu I ted i n a

s I ower root growth rate and/or del ayed semi nal root devel op-

ment. Ethanol narcosis (mitochondn'i al damage) could have

been respons'i ble for the growth'inh'i b'it'ion of ch'itted treated

gnains having dehydnogenase activity. It has been reported

that ethanol can 'i nhjb'it radicle and coleoptiìe growth in

genmi nati ng corn (Nashed and G'i rton, 1958). However ' Brookes

et al . (1976) drew attenti on to the fact the graì n ethanol

accumulation fa'i ls to inhibit the germ'i nation of traditional-

ly steeped barìey. Further, the simpìe aerated steep'i ng ap-

paratus used dì d support root growth, al though to a I esser

extent than germì nat'i on envi ronments, even though aerated

commercial steeps fajl to prevent grain anoxia (Hough et al.

1971 ) .

,Jackson et al . (1982 ) cri t'i ci zed crawford 's

(1g77) contention that flooding-'i ntolerant roots under

anoxic cond'itions suffer from ethanol narcosis. The

accumulation of ethanol resulting from stimulated gìycoìysis

and al cohol dehydrogenase acti vi ty. From thei r experi ments

on P'i sum sati vum. L Jackson et al . (1982 ) reported that



exogenous ethanol appl i cati ons up to

tion of endogenous (Xy'lem saP 2.I

soi I (3.9 mol 'o-3) concentrations

2?8

X's the concentra-

*-3) or fl ooded

100

mol

failed to stimulate

flood'i ng injury in roots, isolated leaf protop'lasts, or de-

tached leaves under aerobic or anaerob'i c conditions. Cannel

and Jackson (1981) however, proposed that ethanol (3.8 mM)

induces leakage of amino acids and sugars. Jackson et al.

(1982) proposed that flooding tolerance may reflect the abil-

ity of pìant tissue to adapt morphologicaì'ly. In th'i s negard

they suggested that the abiìity to form aerenchyma (gas fiì-

I ed channel s ) may dete rmi ne the ab'i I ì ty to overcome anox'i a .

Barber et al . ( 1962 ) exami ned the cross -secti onal area of gas

s paces i n the roots of ba rì ey and ri ce pl ants grown 'in ae nat -

ed water. They determ'i ned that in rice the space area varied

between 5 and 30% whìlst in barley it was less than l%, From

thi s they concl uded that the degree of gas space devel opment

i n ri ce noots j s an adaptati on f or waterl ogged cond j t'ions.

Evidence for the ex'i stence of intercelIular and in-

tert j ssue spaces has been presented 'in Secti on 6.5. If these

spaces are gas filled they might become occluded with water

dur^ing hydrostatic pressure tneatment. The occlus'ion of the

radi cl e vesti bul e and col eorhi za i ntercel I ul ar spaces may en-

courage anoxic conditions around the radicle prìor to its

eruption through the coleorhiza. The potential would then

exi st for the nadi cl e i ntercel I ul a ri es to become fl ooded
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(lloolley, 1983). Roland (1978) pnoposed that these apicaì

i ntercel I ul ari es functi on pri mari ì y i n C0Z export. In-

creased inhibition of C0Z movement away from the graìn

coul d contri bute to germ j nat'ion i nhi bi ti on (K'idd, 1913ab '

Rad'l ey, 1976). Burstrom (1959) noted that once ap'ica'l 'inter-

cellulari es flood the cond'ition is penmanent even following a

return to aerobjc conditions. Further, Burstrom observed

that the floodìng results in a decl ine ìn axial root growth.

7 .2 OXYGEN CONSUMPT ION OF GRAI NS SUBJECTED TO

HTDROSTATIC PRESSURE

7 .2.L Introduct i on

The tetrazol i um vi abi I i ty test i ndi cated that under

cond'itions of excess water the maiority of inhibited treat-

ment embryos retai ned dehydrogenase acti vi ty. Prel i m'i nary

observations (Section 5.4) revealed that treated grain would

re-in'i tiate growth'if allowed to dny slightly. Although the

tetrazoì i um test prov'ides evi dence f on the presence of res-

pi ratory acti vity it does not di sti ngui sh between resp'i rati on

types. The findings of Eyben and Droogenbroeck (1969)'

Davidson and Jangaard (1978) and Yosh'ida et al. (1979) demon-

st,rated that hydrostatic pnessure treatments can restnict

aenob'i c respi ratory acti v'ity both duri ng and subsequent to

steeping. In the fo'l ìowing experiment the 0Z consumption

of pressure treated grains' germinated under condjt'i ons of

excess water was compared with that of control grai ns.
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7 .2.2 Materi al s and Methods

Argyl e was steeped as outl i ned i n sect'i on 7 .L.2.

Treated grai ns were subjected to a hydrostat'ic pressure

treatment of 193 KPa for 30 seconds. The 0Z consumption of

3 treatment and control grai n repl i cates was measured at 30

steeping hours. Each replicate consisted of 200 grains. Ad-

d'itional repl icates were set to contìnue germ'ination at 15'C

fon a further 20, 50,70, 95 or 125 hours in petri-dishes.

Each petri-dish conta'i ned 20 gnaìns, 2 l'lhatman No.1 filter
papers and 4 ml of water. The 200 gra'i ns f or each 0Z con-

sumpti on repf i cate were obtai ned from 10 treatment or control

petri -di shes.

Prel im'i nary expeniments had 'i ndi cated that most of

the 0Z demand of genmi nati ng barì ey was associ ated w'ith

rootlets. In order to obta'i n a representat'i ve measure of

grain 0? demand, graìn roots and exposed p'l umules were

removed.

The 0? consumpt'i on of each grai n repl i cate (200

graì ns ) was measured 'i n a'i r saturated di sti I I ed water at 15oC

usi ng 300 ml B0D bottl es and an 0ri on 0Z el ectnode, model

97-08. Dur^ing measurements the B0D bottle was'immersed in a

water bath mai ntai ned at 15oC. In addition, grai ns were con-

tinua'l ly sti rred by a magnetic ban stì rrer.

7.2.3 Results and Dìscuss'ion

The 0

of treated and

consumpt i on pattern at

control grai ns at 30

3 mi nute

steepi ng

i nterval s

hou rs i s

2
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presented in Figure 9. Hydrostatic pressure sìgn'i ficantìy
(P=0.01) depressed consumption over the 90 minute measunement

period. Although treated and control grain 0Z consumption

signif icantìy decl ined w'ith t'ime no sign jf icant 'i nteract jon

between treatments and ti me took pì ace. The pattern of

declining comsumption with time observed at 30 steeping hours

tvas al so di spì ayed by both grai n types at othen germì nat'i on

t i mes. In al I cases there was a rapi d reduct'i on i n d'i ssol ved

0Z accompani ed by a decl'i ni ng consumpti on rate over the

f i rst 20 to 30 m'i nutes. Th'i s peri od was f ol I owed by a more

gradual decl'i ne i n di ssol ved 0Z whi ch ref I ected the st'i I I

decl i ni ng but errati c consumpti on rate over the I ast 60

mi nutes.

Because two d'i sti nct peri ods appeared to occur dur-

i ng the measurement peri ods, 0Z consumpti on rates for the

total 90, fi rst 30 and I ast 60 mi nutes were pì otted for al I

genminat'ion times (Fi gures 10, 11 and 12). Hydrostat'i c pres-

sure at 30 steepi ng hours si gni f i cantly (P = 0.01 ) depressed

0Z consumpt'i on rate over the whole germination period. In

add'i t'i on the rates of treated and control gnai ns si gn'i fi cant-

ly increased with time. However, at any sing'le germination

time the depress'i on'in consumption rate of treated grains was

with the exception of a few po'i nts (50, 75, L?5 hours figure
10 and 125 hours figure 11) not significant.

0bsenvati ons of 0Z consumptì on 'indi cated that

treatment had not totaì ìy i nhi b'ited aerobi c nespi rati on.

Yoshi da et al . L979 proposed that the restri cti on of
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respi ratory act i vi ty fol ì owì ng tneatment may have been due to
embryon'i c damage. However, the abi 1 i ty of HZ0Z and re-
stri cted mo'i sture i n the germ'i natì on envi ronment to prevent

and/or al leviate tneatment ef f ects (Chapter 5) coupled w'ith

the absence of dìscern'i ble embryon'i c djsrupt'ion (Chapter 6)

i ndj cated that the restri cti on was imposed by some other
mechanism.

0bservat'ions (Chapter 6) indicated that a vestibu'le
ex'i sts between the i nternal su rf ace of the col eorhi za and the

embryon'i c roots. In add'it'ion numerous intercellular spaces

determ'i ned by the pol yhedral geometry of parenchyma cel I s

u,ene present within coleorh'i zas. Gershoy gj al. (1976)

reported that embryos contaì n numerous gas-fi I I ed

intercellularies which aid the diffusion of res'p'i ratory
gases. The hydrostatic pressure treatment could have

partìa11y or totaììy occìuded gas diffus'ion pathways with
water. The d'i ffus'ion coeffic'i ents at 25 C fo, 0Z and C0Z

in air (0.2?6 and 0.181 cm2 ,..-1) are approx'imately 1

x 104 times greater than the'i r respccti ve val ues in water

(2.60 x 10-5 and 2.04 x 10-5 ,^2 r..-11 at the

same temperature. From these coeffìcent val ues and Fick's
equationl2 it can be apprecìated that the displacement of

a grain gas phase with a water phase mìght consìderab'ly

inhìbit aerobic activity.
The nature of the apparatus used to measure 0?

consumption avoided the establ ishment of gas diffusion

12on .DA

vlere dn
across an
and D'i s

dc dt
ã-[
i s the amount
area A where

the diffus'i on

of gas that d'i ffuses in
the concentration gradient
coeffic'i ent.

t'i me dt
ìs dc/dx
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g radi ents around the gra i ns. Ai r satu rated water at 15 "C and

approximate'ly 1 atm was used f or al ì recordings. The

dissolved 0Z volume was therefone approximately 33% (10

ppm) of the total dissolved gas volume. In air saturated

water at 25"C the volume of dissolved 0, would be

approx'imateìy 2I% (8 ppm). Therefone at ìeast initìaììy the

avai I abl e 0Z i n the bul k water around the grai ns woul d not

have been inhib'i ting to phase III (RQ=1) respiratory activìty
withi n both gra'i n types. The reduced consumpti on of treated

grains was therefore assumed to reflect a greater res'istance

to gas dìffus'ion w'ithin the nespiring t'i ssue of the gra'i n.

Duri ng the 90 mi nute peri od over whi ch 0Z con-

sumpt'ion was monjtoned eveny 3 m'i nutes, consumptìon s'i gnifi-
cantly declined for both gra'i n types (F'i gure 9). In order to

provide a poss'ible explanation for th'is observat'ion several

simpìifying assumptions w'i lì be used. Firstly, s'i nce initì-
a 1 I y the grai ns were pì aced i n ai r satu nated waten the pP0Z

outside the grains was greater than that in the gas phase

surrounding respiring embryon'i c tissue. Secondly, that the

panti a'l pressures of gases withi n the gas phase of treated

and control graìns was in'itialìy the same and declined in
such a manner' (duri ng measunement ) that the dj fferences

between partiaì pressures remained constant wh'ilst aerobic

act'i vity t,{as not inhìbited by low pP0Z in the bulk water

surrounding the grains. Thirdly, that the considerabìy

greater values of gas diffusion constants for the gas phase
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relative to the water phase resulted in diffusion resistance

through the gas phase of treated and control gra'i ns being

neg'l ì gi bl e. Fi nal 1 y, that the parti t'i on grad'i ent for gases

(dt/O*) across the wate r/gas interface was constant for

both gnain types whilst aerob'i c activity was not inhib'ited.'

Although constant stirrìng was used to prevent the

establ ishment of di ffusìon gradìents between the el ectrode

and the gra'i ns, both gra'i n types wouìd nevertheless have had

a bound water I ayer

both gra'i n types 0Z

probabìy l'imited by

the case of contnol

associated with theìr surfaces. Thus in

dìffusìon

the low

grarns a

to the embryo gas phase was

0, diffusìvity in water. In
L

bound water/col eorhi zal 'inter-

partition) pr"obably exìsted atcellulary gas

or just below

jnterface (phase

the su rface of the col eorhi za. Yoshì da et al

(1979) reported and Plate 7 dep'i cts that ink under pressure

can be f orced 'i nto the nodal reg ì on of the embryo. Thi s

observation jndìcates that during hydrostat'i c pressure treat-

ment the phase part'it'i on was pushed bel ow the col eorhi zal

surface into the embnyonic vestibule, êffect'i veìy ìncreasing

the depth of the bound water. Previ ously it was assumed the

d'/ax for the partition of treated and control graìns

was constant. From Fi ck's equat i on i t can be seen that the

rate of 0Z diffus'i on through the gra'i n water phase would

not change whi I st d'/d* remai ned constant. However '
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adopti ng the assumpti on that ì n the gas phase of both grai n

types the parti a'l pressure of gases waS the Same ' then vrater

phase gradi ents of control gra'i ns woul d have been greater

than that of treated gl"a'i ns. The greater waten phase

grad'ient of control gra'i ns would account for the more rapjd

consumption of 0? surround'i ng these gra'i ns (Figune 9).

Generally 'it appears possjble that treatment increased the

depth (dx ) of the ¡aater phase decreasi ng the grad'i ent and

therefore the nate of OZ diffusion. lrlith th'i s in mìnd it

'i s ìnterestìng to note that Eyben and Droogenbroeck (1969)

reported that with greater magnitudes of hydnostat'i c pressure

respì natory activity was jncreasingly restricted. Possibly

greater pressure moVes the phase part'itjon deeper into the

embryonic tissue (ìncreasing dx water phase) resulting jn a

decreased concentrat'i on gradì ent across the water phase.

l|lìth time (Figure 9) respi ratjon reduced the level

of di ssol ved 0 Z in the bul k water. Thi s woul d have

resul ted i n a reducti on i n the water phase grad'i ent. For the

same decì i ne i n d'i ssol ved 02, the water phase gradi ents of

treated and control gra'i nS woul d have decl i ned equal I y.

HoweVer, because of the shorter water phase resì Stance i n

control graìns, theìr gradìents and 0Z consumption will

have remai ned constantly greater than that of treated grai ns

providing d'i ssolved 0Z was not limiting respiration. Thus

the reduct'i on of 0Z consumpt'i on observed (Fi gure 9) was
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probably the results of the declin'i ng water phase grad'ients.

Eventuaì'ly the decl in'i ng grad'ients could have I imited the

rate of 0Z djffus'i on to such a degnee that aerobic act'i vity
was inhibited

Previously it was assumed that part'ition gradients

would have remained constant provided condjtions nemai ned

aenobic. Howeven considening the fo'l lowìng (Amoone, 1961),

part ì ti on grad'i ents probab'ly decl i ned bef ore the I evel of

bulk 02 imposed anox'i a. Amoore (1961) observed the hyper-

bolic relationship between the Q0Z of excised (Pisum sati-
vum var. Meteor) root ti ps at 25'C and 02 tensi on. The

maxjmum rate of 02 consumpti on (QOZ -9.4 L 0Z mg-1

dry wt h-l) was obtained with tensions of 40 to 50%. In

air the Q0Z increased to -7.8. Hoar (1975) described the

critical 02 pressure above which the rate of 02 uptake

(respiratory activity) is 'independent of pp0Z as the incip-
ient 'l 'imiting tension. Further, he described the m'i nimum

pp0Z requi red to mainta'i n basal metabol'i sm as the inc'ipient

I ethal tens'i on. Between these tensi ons the rate of 02 up-

take i s dependent on the pp0Z ( respi ratory dependence ). In

ai r saturated water at 1 atm and 15'C 02 compri ses approx-

imately 33% (10 ppm) of the dissolved gas volume. Thus'i r-
respect j ve of grai n type aerob'i c resp'i rat'i on f rom the beg'i n-

ning of measurement was probably limited by the 02 tens'i on.

Duni ng respi ratory dependence nespi rati on rate woul d have

continued to decline along with faìì'i ng 02 tension (d'i s-

sol ved 0Z).

Partial pressures of 02 below the inc'i pjent

I ethal tens'i on ì nduce a conditi on of anoxi a (RQ>1) withì n the
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tissue which if persistent could result in narcosis and cell
death. At 1 atm air saturated water at 25"C has an 02 con-

centration of I ppm. Thus wh'i le the 02 concentration

rema'i ned above I ppm the rate of 0Z di f f us'i on i nto control

graÍ n woul d not have been expected to be I ess than that at

the i nci pi ent I ethal I evel . However, 'in tneated grai ns the

greater 02 djffusjon r^es'i stance imposed by the flooded
jntercelìularies and vestibule would have effectiveìy raised

the pp0Z at whjch the lethal tens'i on occurned. Thus jn ad-

d'it'i on to having a higher rate of aerobìc act'i v'ity than

treated grains at the same level of d'i ssolved 0e, control

grain basal metabol ism could have been sustained at a lower

level of dissolved 02. In this regard it is jnteresting to

note that Crabb and Kirsop (1969) wene able to germinate non-

dormant bar"ley embryos at lower 0Z tensions than water-

sens'itive embryos. In addition, V'i daver and Lue-K'i m (1967)

observed that contjnuous hydrostat'i c pressure only reduced

the germi nati on nate of Lactuca sati va when the di ssol ved

02 concentrat'i on was lim'iting. They were able to increase

the rate of germ'i nation with greater 02 concentrat'i ons, up

to a limiting concentration, irnespect'i ve of cont'i nuous con-

stant hydrostatic pressures up to 48 MPa.

At the begi nni ng of measurements (Fi gure 9) the

I evel of di ssol ved 0Z woul d have been nearer to on poss'i b'ly

below the incip'ient lethal tension of tneated grains. High

RQ values and alcohol narcosjs might reasonably be expec.ted

to have been experi enced by these grai ns fì rst. Any di f-
ference i n RQ val ues between control and treated gra'i ns would
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invalidate the previous assumption that the partiaì pressures

of gases w'ith'i n grain 9as phases were the same. Provided

totaì preSsur"e remai ned constant, grai ns w'ith hi gher RQ's

woul d have a ì owen gas phase pP0Z. For the Same i ncrease

i n RQ the change (steeper) in partit'i on grad'ients would have

been greater i n control grai ns. However ' si nce treated

embryos probabìy entered anoxia first, 02 consumption by

these gra'i ns would decl jne less rap'i d1y than control gra'i ns

not experi enci ng anoxi a (Fi gure 9). Control grai n woul d be

expected to Shovr thi s sl ower decl'i ne i n 02 consumptì on

later than treated. 0nce the dissolved 0Z ìn the bulk

water fell below the respect'i ve lethal tens'i ons'incre.asing RQ

values, declin'i ng pH and alcohol narcosis would influence

02 d'i ffus'i on in addìtion to pp02 in the bulk water.

0xygen consumpt'i on by control s woul d be expected to remai n

greater than that of treated gra'i ns for the same level of

dissolved 02 wh'i lst ppO2 remained the sìng'l e most

important factor influencjng the 02 d'i ffusion rate.

F.igure 11 presents the 02 consumpti on rates f or

the f ì rst 30 m'i nutes of measurement time f or each germinat'ion

period. During th'i s time control grains would have been

least likeìy to be experienc'i ng anox'ia as the concentnatìon

of d'i ssoì ved 0Z generaì I y di d not f al I bel ow I ppm unti I

the I ast 60 mi nutes of measurement (Fi gure 12). However ' i r-

respecti ve of the rel ati ve degree of anox'i a withi n both

graìns,treatmentsjgnificantly(p=0.01)reducedtherate
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of 02 consumption oven the whole germination period.

Davidson and Jangaard (1978) subjected bar'ìey grains with

rootl ets to a hydrostati c pressure treatment. Fol I owing

t reatment they removed grai n rootl ets and measu red a sì gn'i f i-
cant inhìbition of QOZ in treated gna'i ns. Preliminary

experi ments had i ndi cated that the majonì ty of 02 consump-

tion by grains with rootlets was associated w'ith roots. The

consumpt'i on rates presented'i n Figures 10, 11 and 12 are for

graì ns where either grai n rootlets were absent or removed.

lllith the except'i on of grai ns at 30 and 50 hours, where there

was no rootlet emergence by e'i then grain type, contnol grain

sampl es at other germi nat'i on ti mes showed an i ncreasì ngl y

greaten proport'i on of rootl et devel opment than treated

graì ns. Theref ore at any germ'i nati on ti me af ter 50 hours the

number of cut root surfaces in control samples was greater

than that of treated gra ì n sampl es.

Two problems in interpret'i ng the nesults arose from

the pnesence of these cut su nfaces. Fì rstly, was the sj g-

njf jcant (p = 0.01) 'i ncrease jn 02 consumption by both

grain types w'ith germ'i nation time simp'ly a reflection of an

i ncreasjng number of exposed root surfaces? Secondly, vtas

the sign'i fjcant (p = 0.01) dep¡ession of 02 consumption in

treated grai ns mereìy the consequence of fewer exposed root

surf aces at al I germinat'i on times af ter 50 hours? Prior to

rootlet emergence 0Z consumption (Fi gure 10) l,ras not

signjficantìy (p = 0.05) d'i fferent at 30 hours immed'i ately
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after treatment. At 50 hours however. the 02 consumption

of contnol grai ns was si gni fi cantìy gneater than that of

treated grai ns. Between 30 and 50 hours the consumpt'i on of

both grain types increased significantìy, the increase was

however greater i n control s. Thus from 30 to 50 hours the

i ncrease was not the consequence of a greater number of

exposed rootl et su rfaces.

Bewìey and Black (1978) noted that'increased grain

nespirat'i on from Phase II to Phase III (RQ falìs to 1) is

genera'l ly associated with the rupture of the testa. Contnol

grai n at 50 hours (Fi gure 10) mi ght thenef ore reasonab'ly be

expected to have been i n Phase II I. Brookes et al . ( 1976 )

drew attenti on to the rel at j onshi p between pì umu'le devel -

opment and gra'i n respiration. They noted that growth

velocìty increases with resp'i rat'i on rate and that the max'imum

rate occurs when the pì umu'le is 3/8 to 5/8 the ìength of the

grain. In the case of both control and treated grains

col eopti ì es di d not deveì op beyond the scutel I um di sc i n the

f i rst 50 hours. Based on col eopt'i I e growth, rêsp'i rati on

reached a maximum in 2l% of control graìns, after 100 hours.

Treated gnain coìeoptiìe growth was generalìy slower, with

17% of treated grains hav'i ng coleopt'i 1e development

equivalent to nespi ratory max'imum after I25 hours. After 150

hours the co'leopt'ile ìengths of control gra'ins ranged for 1

l/2 to 2 x's the grain length and only 2.5% showed no growth

at al I . In contrast at 150 houns the most
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advanced treated graì ns had col eopti I es equal to the ful I

I ength of the grai n. Hov,,ever, 62% of treated grai ns showed

no growth at all at 150 houns. The ìarge dìfference ìn the

number of exposed cut root surfaces between control and

treated gra'i ns at 150 hours does not appear to have strongl y

di storted 02 consumpt'i on val ues S'i nce at 150 houns there

was no significant dìfference (Figure 10,11 and l?) between

OZ consumption fon both grain types. The jncrease in con-

sumption w'ith time for both treatments was therefore associ-

ated w'ith gra'i n respiration (co'l eoptìle development) to a

greater extent than a greater number of cut root surfaces.

The respi ratory max'imum corresponds to the ' peak of

Phase I I I respì rati on. In those treated graì ns that showed

no growth the atta'i nment of respi ratony max'imum was apparent-

I y deì ayed. Phase I I I coì nci des w'ith the onset of growth ,

s'i nce more than hal f of the treated graì nS never grew f or up

to 150 hours it can only be assumed that they rllere in Phase

II or non-viable. The results in Section 7.I.3 (Plate 34)

'i nd'i cated that such grai ns have dehydrogenase acti vì ty. In

addi tì on the 02 consumpti on of treated graì n sampl es was

genera'l ì y not s'i gn'i f icantly I ess than control s at any sì ngl e

germ'ination time. Therefore ìt would appear that a consider-

able proportion of treated grains were locked .in Phase II

respiratory activity. Bewley and Black (1978) noted that

Phase II respi nation 'i s thought to be partiaìly imposed by

hydrated seed coats restri ctì ng 0Z supply to the embryo.
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7.3 SUMMARY AND CONCLUS IONS

The ma jority of treated gra i ns set to germ'inate

under cond'it'ions of excess water had dehydrogenase actì vity
'i nrespecti ve of the presence or absence of rootl et growth.

However, wi th i ncreased germi nati on ti me a si gni f i cant pro-

porti on (<33%) of treated grai n radj cl es fai I ed to stai n

during incubation with tetrazol ium chloride. These obsenva-

tions indicated that the cause of chittìng inhibit'ion was not

the consequence of a compìete absence of resp'i ratory acti vity
(dehydrogenase acti vity) and that where actì vity was absent

(after 120 hours) it was not the'immediate outcome of treat-
ment

W'ithout resp i ratory quot ì ents f or treated and con-

trol grai n it was not possi bl e to determi ne whether treatment

i nduced graì n anox j a. However, treated gra'i n d'i d generaì ì y

consume I ess 0Z and was therefore respi ri ng at a I ower

rate, Initia'l ly (first 20 minutes figure 9) the level of

dìssolved 0Z probably d'i d not totaì'ly 'inhibit aenobìc res-

pirat'ion in both grain types. Eventually however, it appears

that the level of d'i ssolved 0Z fell below the ìncipient

I ethal tensìon of both treated and control grains. Despìte

thi s , under cond'i tì ons that were probab'ly anox'i c to both

grai n types, controì graì ns conti nued to consume 0Z at a

hì gher rate than treated graì ns. It would seem reasonabl e to

assume that the I ower respi rat'i on rate of treated grai ns was
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the consequence of greater 0Z diffusion res'istance (dx

water phase treated gra'i ns ) control gnaì ns ). However ' ìt
remaì ns uncertai n whether Or nOt such a nes'i stance waS re-

sponsi bl e for the chi tti ng i nhj bi tì on of treated grai ns. The

possibility that dx treated grain water phase was so'lely ré-

sponsibìe for the initial restriction of 0Z consumpt'i on

might well explaìn why greater magn'itudes of treatment (Eyben

and Droogenbroeck ì969) further restricted respi ratory

action.
consumpti on rates were genera'l ly not si gn'i f i cantìy

d'i f f erent at any one germ'i nati on time. Penhaps increasi ng

the number of repl i cates an d/or number of grai ns per repl ì -

cate mi ght have resul ted i n si gni f j cant d'i f f erences. The

vaì ue of compari ng the 0Z consumpti on of treated and con-

trol gra'i n sampl es af ter 50 hours vtas perhaps questi onabl e

since gra'ins with root growth (peak Phase III) respìrat'ion

woul d be expected to have had hi gher resp'i rati on rates , even

f ol ì owi ng the removal of exposed rootl ets , than gra'i ns not

showing rootlet emergence (ear'ly Phase III or Phase II).
Poss j bly it woul d have been more meani ngf u'l to have sel ected

out those grains from 50 hours onwards wh'ich faiìed to show

radicle eruption (chitting) and compare the'i r 0? consump'

t'ion rates wìth that of treated grai ns at 30 and 50 hours.

Such a compari son woul d have avoi ded the uncertai nty i ntro-

duced by cut root Surfaces and jn add'ition prov'i ded a more

rel 'iabl e i ndi cat'ion of whether or not treated grai n resp'i ra-

tion increased on decreased with germination time
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Fi nal ly, the accunacy of an 0Z el ectrode appara-

tus in measurjnS 0Z consumption of grains sensjtive to

hydrostati c pressu re i s perhaps uncertai n. Si nce the

'immersed grainS were kept in continuous motion to avoìd the

establ i shment of d'i f f usi on gradi ents, they must have been

subiected to hydrostatj c pnessure. Bl ock and Mongan (1967 )

used a propeì ler (350 rpm) to prov'i de turbulent ag'itation

duri ng steepi ng of barley and wheat. They observed that

agi tat'i on i nh'i bi ted both germi nati on and noot growth 'i n a

manner similar to hydrostatic pressure. It appears likely
theref ore, that magneti c sti rrer ag'itation could have had a

similar effect.
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CHAPTER VIII

GENERAL DISCUSSION

The post-treatment propertj es of steeped barl ey

gra'i ns subjected to hydrostati c pressure were simi I ar to

those of water-sensiti ve graì ns. Generaì ly water-sens'iti vìty
'i s consi dered a f orm of donmancy whi ch occurs as a conse-

quence of embryo anoxi a under condi t'ions of excess waten.

There'i s no unan'imity concern'i ng the fundamental cause of the

anoxia. Uncoupìing of oxjdative phosphorylation (Jansson

I962) , su1 phydryl groups (Jansson 1960, Pol I ock and Pool

1962) microbjal competition for 0Z accompanied by phyto-

toxi n producti on (Bl um and G'i I bert 1957 , Gaber and Robents

1969b) and an i ntri nsi caì ly hì ghen 02 requ'i rement by the

embryos of water-sensìt'i ve gra'i ns (Crabb and K'i rsop, 1969)

have al I been proposed as mechan'i sms of water-sensitì v'ity.

tJ'ith the except'i on of the intrins'i c nature of the hìgher 02

requjrement, all of these mechan'i sms may have participated in
'i nh'i bi ti on of chi tti ng and root growth f oì ì ow'ing hydrostat j c

p ressu re treatment.

The ab'i I i ty of HZ0Z treatments and oxygenated

steeps to alìeviate and compensate hydrostatìc pressure

treatments, ìn addit'i on to the absence of djscernible embry-

onic disnupt'i on and the slovler rate of 02 consumption by

treated graì n i ndi cated that embryo anox'i a f{as a possi bl e
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source of gnov,,th inhibition. Jansson et al . (1959) concl uded

that the abi I i ty of el evated 02 parti al pressures and

HZ0Z treatments to break water-sensìti vity in grai ns w'ith

intact pericarps tJas the consequence of greater 0? avaiI-

abi I ity to the embryo. However, ìn the case of steeped grai n

sub j ected to pressu re unde r Hr02, i ncneased avai I ab'i ì i ty

of 0Z was perhaps an i ndi rect effect and not the onl y out-

come of tneatment. l,l jth the exception of surf ace steri l'i za-

t'ion and possìbìy HZ0Z treatments, water-sensiti vity

break'i ng treatments i nvol ve the removal and/or breaki ng of

water f i lms assocì ated with the bar'ley grai n surf ace and

pericarp. The intact pericarp only'inhib'its the germinatìon

of water-sensitiv'ity grain in the presence of excess water.

The pericarps of grains subjected to hydrostatic pressure

were not 'i ntact. Treatment howeven, made these peni carps,

which were ruptured by coleorh'i zas, ình jb'itory to gra'i n chit-

tìng (radicìe eruptìon) irrespectjve of free v',ater. Gra'i n

surface f i I mS may be removed by i nterrupted steepj ng, the

aìr-rests allowing gnain to absorb excess surface water.

Aci d deconti catì on and scari fi cati on respectì vel y remove and

rupture the pericarp breaking water-sensit'i vity. Both drying

and decort'i cation alleviated the effects of hydrostatjc

pressure treatment. 0bservations indicated that hydrostatic

pressure forced water into. coleorhiza intencellularjes and

possibly beyond into an embryon'i c vestibule. 0rphanos .and

Heydecker (1968) observed that dryi ng of water soaked
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Phaseolus vulga¡is L. seed relieved soakìng injury. They

reported that drying removed water from a cavity between the

cotyl edons and that cavity water was responsi bl e for soaki ng

i n jury wheneverit waS in excess of that wh'i ch the embryo and

cotyl edons coul d absorb at any t'ime. Dry and I ow f ree water

germination environments following hydrostatic pressure

treatments possìbly removed coleorhjzal intercellulary water

i n addì ti on to surface water, re-establ i shi ng gas pockets

within coleorhiza tissue and reducing the amount of water ìn

excess of that which the embryo could absorb. Alternative'ly

the remoVal of surface water may have incneased gaS diffusion

enough to allow germinatjon to contjnue 'i rrespec.tive of

fl ooded col eorhì zal i ntercel I ul ari es. Thì s woul d seem I ess

'l i kely however, si nce treated graì ns pl aced on dry f i I ter

paper showed a hi gher degree of chi tt'i ng i nhi b'iti on than

gra.i ns in contact with low water volumes (1, 2 mì ).

Decortication probab'ly did not influence initia'l ìy the state

of coleorh'i zal intercellularies in treated gra'i ns, but rather

removed the perj carp from other embryo regi ons where

hydrostat'i c pressure had not caused intercellu'lary flooding.

0rphanos and Heydecker (1968 ) reported that

HZ0Z decomposes in the ínter-cotyledon cavity preventing

soaking injury by expell'i ng waten from t.he cavity and suppìy-

i ng the embr-yo wi th 02. Thus poss i bì y the Hz}z treat-

ments mainta'i ned the embryonic vest'i bule and coleorhizal'in-

tercellularies in a gas-filled state, 0Z pressure expell ing



?52

excess HZ0Z after hydrostatic pressure was rel ieved.

Concentrat'i ons (0.341') of HZ0Z similar to that used in

tneatments (0.3%) have been reported to 'inhibit root hai r

deveì opment and degenenate the radi cl e meri stem (Coì I i s-

George and þli I I i am 1968). Root growth, al though modi fi ed,

was not 'inhi b'ited f ol'l owi ng HZ}Z treatments 'indi cati ng

that intercellularies t{ere probably filled with gas.

Alìerup (1959) in barìey and (Ohmura and Howell

1960) in corn, drew attention to the importance of the embryo

gas phase i n avoì di ng t'espi ratory restri cti on. It appears

that post-treatment envì ronments that al I ev'iated the i nhi b'i -

tory effects of hydrostati c pressure dj d so by removi ng

occluded water or by providing an altennative gas phase path-

way. The presence of a gas phase 'in and around the embryo

woul d i ncr ease cons'i derab'ly the rate at whi ch 0, coul d

d j f f use to the embryo i n addi ti on to reduci ng the res'i stance

to C0Z dif fus jon away f nom the embryo.

Vl ami s and Davi s (1943) reponted that barl ey germi-

nat'i on and root growth faìled to occur below 0.2% 0Z and

that both germination and growth were 'inh'i bited below 9.51"

OZ. Bewl ey and Bl ack (1982) noted that the physi caì res-

triction of 0Z supply imposed by gra'i n coats 'is genera'l ly

cons i dered to be i nsuf f i cì ent to prevent the I evel of aerob'ic

resp'i rat'i on requi red to support germ j nat'i on, In add j t'ion

Brookes et al . (1976) questioned the s'i gn'i f icance of alcohol

narcosis in grain germination inhib'itìon and noted that the
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level of dissolved 0Z in traditional steeps adequateìy sup-

ports germination (pericarp rupture). Where pressure treat-
ments were inhib'itory the penìcarps of grains subjected to

hydrostatic pressure wene ruptured. For water pushed ìnto

coleorh'i za intercel lularies and embryonìc vestibules to

inhìbit continued germination by anoxia, the resistance to

0Z dì f f us'i on coul d reasonably be expected to have been

greater than that of jntact hydrated pericarp or alternative-
ly great enough to create an 0Z tension around the radicle

that 'inadequately supports cel ì elongat'i on and/or cel I

d'i vision. Bewley and Bìack (1982) note that 0Z diffusion

coeffi ci ents for hydrated grai n coats are j n the order of 1 x

10 2 l"r, than that of water. Therefore water pushed

'i nto the gas fì I led 'intercel I ularies and vest'i bules mi ght not

have i mposed any greater degnee of anox'i a on embryos than

'i ntact peri carps (prior to coleorhiza sweì ì ìng). Bew.ley and

Black (1978) state that in bar"ìey radicles, cell di vision

commences f o'l ì owì ng erupti on through the col eorhi za and that

growth prìor to eruption is entirely by elongatìon. Prel'i -

minany observatìons however, indicated that a few (<1%)

radi cl e cel I s do di v'i de before erupti on (ch'i tti ng ) and that

these divisions were 'i nh'i bited by hydrostatic pressure

treatment. Amoore (1961) noted that the mìnjmum 0Z tension

requì red to maintain aenobic respi ration in connectìve tissue

(wh'i ch has lower 0? diffus'i v'ity than hydrated embnyo

ti ssue Al I eFUp, 1959 ) i s greater than that requi red to sus-
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ta'i n mitosi s 'in exci sed P j sum sat'i vum root tì ps. Gra'i ns

subsequent to hydrostatic

a I be'i t at a I ower rate than

that any inhi bìti on of cel I

immed'i ate consequence

treatment consumed 02,

grains, whìch indicates

in barley radicles was

of lower 0Z tension

pressure

cont rol

div'i sìon

not the

(anoxia).

Al ternat'i vel y hydrostati c pressure treatment coul d

have restri cted the movement of C0Z away from the embryo to

an extent that was del eteri ous. Ki dd (1913a ) reported that

wh'i lst elevated partiaì pressures of C0Z stìmulated the

germ'ination of imb'i bed barley grains, pressures 'in excess of

23.51, were inh'i bìtory. Kidd (1913b) proposed that in barley

grains (and other seeds) the germination resting period (res-

pi ratory I ag, Phase I I ) was imposed by cOz nar^cos j s.

A1 
'l erup (1959 ) obsenved that the RQ maxi mum f olintact ba rì ey

grai ns and 'i sol ated embryos occurred at the Same moi sture

content during ìmbjbit'i on. Allerup (1959) forwarded the sug-

gestion that during imbibit'ion (Phase I) water jncreases the

d'i ffusivìty of compact embnyonic tissue. However' w'ith

furthen uptake (Phase II) water floods expandìng'intencellu-

laries inhib'iting aerobjc resp'i rat'i on (RA reaches max'imum).

Continued water uptake (ear1y Phase III) results in embryo

cel I s reaching full turgor and intercel I ularies becoming

gaseous (RQ f al I s to <1). Bew'l ey and Bì ack, (1978, 1982)

note that RQ maximum duri ng water uptake is generaì ìy consì-

dered to reflect the resìstance to 0Z entry imposed by
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hydrated gnai n coats and that i n add'it'i on to the greater

solub'i lity (permeabiìity) of C0Z in grain coats an internal

concentration ìn the order of 20 to 401ø wouìd be requ'i red to

inhibit germination. Lamount (1982) notes that most of the

ì ì tenatu re whi ch deal s wì th the 'i nf I uence of atmospheri c

gases on germination cons'iders that the intact pe¡i carp

perpetuates dormancy by resisting 0Z diffusion. Lamount

(1982) determìned, by measurement of internal gas composi-

tion, that the impermeabi I ity of the pericanp was respons'i ble

for the hi gh C0Z content (27% C0Z, 12% 0Z and 6I% NZ)

of mature Amyema pneìss'i i fruit. It was concluded that the

dormancy of the seeds, which when isolated fa'i I to exh'i bìt

dormancy and were capabìe of germinating 'in NZ, w'ith'in the

intact fruit (p..icarp) was ìmposed by the hìgh internal

C0Z content . In add i t i on , Lamount concl uded that the

internal concentration of 0? would have been unl'i kely to

'impose anoxi a. Furthen, seed germ'inati on and ax'i al growth of

Amyema ¿¡-qj_ss_]_i declined when exposed to external C0Z con-

centrat'i ons above 5%.

Kidd (1913a) observed that short periods (118

hours) of C0Z narcosjs failed to reduce the abì1ity of bar-

ley grains to re-jnitiate germ'ination when returned to ajr.

In a simi ì ar manner the growth, al though de'l ayed, of treated

grains in post-treated env'ironments that alleviated inhibi-

tion did not appear to be modified as a result of the tem-

porary inhib'ition. Therefore ìt would be reasonable to
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assume the C0Z narcosis in addition to anoxia could have

contributed to hydrostatic pressure inh'i bit'ion ef f ects.

Indeed possibly there was an interaction between restricted

0Z supply and narcosis. Kidd (1913b) determ'ined that with

lower external OZ tensions, the germjnation inh'i bition
'imposed by a constant external level of C0Z'i ncreases.

Another potential source of inh'i bition would have

been the pH of the occlusion water occupying the vestibule

and i ntercel I ul ari es. The pH woul d have decl i ned with i n-

creasing C0Z partia'l pressure at gas/water interfaces, the

rate of decl i ne bei ng determi ned by the rate of C0Z produc-

t'i on and canbonic anhydrase acì vity. 0'Neì I I and Scott

( 19BZ) reported that i n bar'l ey roots the zone extendi ng from

the root cap through the region of maxìmum el ongation to the

zone of roOt ha'i r development carri es a basic surface charge.

In contrast , the root hai r regì on was determ'ined to carry a

pos'itive surface charge. Growth of segments excised from the

bas i c zone was observed to be greatest when bathed i n aci di c

(pH 5) solut'i on. 0'Ne'i ll and Scott (1983) wene unable to

expl ai n the basi c zone phenomenon i n terms of the ac'i d-growth

theory. They proposed that, 1 ) the negati ve surface charge

may have been simply that of the basic root cap slime, ?)

that the ti ssues determi ni ng the rate of el ongati on I i e

beneath the surface and that the pH of surface and subsurface

ti ssues are control I ed i ndependently.
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It would appear therefore that an additional con-

sequence of hydrostatic pressure treatment could have been a

change in pH (to acid'i c) of the basjc elongation reg'i on. The

mechanism by which such a pH change could influence radicle

elongation is unclear. From 0'Neill and Scott's (1983)

findings, a decline to pH 5 should not have inhibited

elongation. However, theìr elongat'i on experìment involved

ti ssue segments wh'i ch mì ght respond di f f erentìy than an

'i ntact noot or the very young root primord'i ums wh'i ch is also

constnaì ned by the col eonhi za. More aci d'i c sol uti ons have

however, been neported to prevent barìey root elongatìon.

Palmer et al-. (1972) observed that steep solut'ions cdntaining

.006 to 0.01 N HZS0+ (pH about 2.0) retarded and

j nh i bi ted root growth .
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CHAPTER IX

SUM['1AR Y AND CONC LUSIONS

Subiecti ng steeped ba r1 ey to i ncreased magnì tudes

of hydrostatic pressure s'i gnificant'ly reduced grain chìtt'i ng.

In contrast, i ncneased treatment durat'i ons f rom 10 to 60

seconds failed to significantìy influence germination inhibi -

t'i on.

The perpetuation of hydrostatic pressure inhibit'i on

i n steeped barì ey was determ'i ned to be dependent on grai n

per"i carps and post-treatment germi nati on envi nonments. De-

corticated grain chitting was sign'ifìcant'ly greater than that

of hul I ed grai n 'i rrespect'i ve of meni sci . Genmi nat j on env'i -

ronments containing excess free water (mimicking steep-over

and wet-casting) supported continued inhibìt'ion of grain

chitting and noot growth. In contrast, drier environments

tended to allev'iate inh'i bition. In add'it'i on the gra'i n husk

and associated m'i cro-ot'ganisms appeared to contri bute to

i nh i bi t i on i n both ge rmi nat i on en vi ronments .

Hydrostatic pressure seemed capab.l e of forcìng

watelinto what was 1 i kel y a gas phase su rroundi ng the embry-

oni c roots and occupy'i ng col eorh'i zal i ntercel I ul ari es. The

i ntegri ty of the col eorh i za and radj cl e merì stem dj d not
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appear to be dì scerni bì y damaged by treatment. The morphol o-

gy and anatomy of the col eorhi za regi on i n the i nbi bed grai n

ind'i cated that nonmaìly th'i s region accommodated rap'id gas

diffusion.
The occl us i on of the embryo gas phase by hydro-

stati c pressure reduced 0Z consumpti on. It appeared ì i kely

that the col eorhi za regi on gas phase was retai ned f ol I ow'ing

compress'ion under dilute HZ0Z. The nature of the experi-

ments di d not al I ow concl us i ons to be drawn as to the rel a-

t'i ve importance of anoxìa and C0Z/ethanol narcosis follow-

ing gas phase occlusion to hydrostatic pressure'inhib'it'i on.

The observed inh'i bition of chitting and the in-

cneased variability in root growth followìng hydrostatic

pressure treatment were similar to the observations of Eyben

and Droogenbroeck ('l969), Dôvidson and Jangaard (1978) and

Yoshida et al. (1979). In addit'i on, these authors reported

that hydrostat'i c pressune restrjcted respiratory activity.
Davidson and Jangaard (1978) and Yosh'i da et al. (1979) repor-

ted that greater magnitudes of hydnostatic pressure decreased

the 0Z consumptìon of grain samples. In this study greater

treatment magnitudes incneased 'inhibition of grain chitting

and thus the proportion of grains locked 'in Phase II. Higher

pressures mi ght have i ncreased the depth of water phase oc:

cluding the embryonic vestibule and coleorhizal intercellu-

I ari es. It i s uncl ear whether the j ncreased chi tti ng i nh'i-

bit'i on reflected: 1) variation in the minimum pressure
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requ'i red to overcome a barrier and impose inhibition, the

barrier beìng determined by germination stage or', 2) vari-

ation 'i n the depth of occl usion water r"equì red to 'impose

i nh'i bi tì on , a vari ati on wh'i ch agai n may have depended on the

stage of ger^m'i nati on. However, þoth an 'increase i n the

numben of inhib'ited grains and depth of occlusion water in

suscepti bì e grai ns mi ght reasonably be expected to reduce

0Z consumpti on fu rther.
Davi dson and Jangaard (1978) reported that gneater

treatment duration increased the period of respì ratory re-

striction. In contrast, it was observed that 'increased

treatment duration had no significant effect on chitting'in-
h'i b'ition, the perpetuation of wh'i ch appeared to be so'l e'ly

dependent on the post-treatment germi nati on env'i ronment.

Yoshj da et al . (1979 ) reported that the restri cti ons of res-

pìratory act'i vìty induced by consecut'i ve constant hydrostatìc

pressure treatments duri ng steepi ng wene cumul at'i ve. If how-

even, a si ngì e pressure treatment can occl ude part of the

embryo gas phaSe, it is difficult to'imagine how successìve

tneatments at the same pressure would increase the occlusion,

gi ven that greater treatment durati ons fai I ed to i ncrease

ch'ittì ng i nh'i bi ti on. Perhaps the cumul at'i ve restri cti ons of

resp'i ratory act'i vity during steeping observed by Yosh'i da et

al. (1979), simpìy reflected: 1) an increase in the size 0f

the gra'i n fract'ion susceptible (having coleorhiza tortuos'i ty

I ow enough for water to gain entry) to hydrostatic pnessure
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with increased steeping time, and 2) the restriction of

graìns with higher respìratory activity which gnadua'l 'ly in-

creases wìth steeping time.

Yosh'i da et al . ( 1979 ) proposed and Dav'i dson and

Jangaard (1978) observed (f 'lacc'i d roots f oì ìowing treatment)

that hydrostatic pressure d'isrupted or modified embnyo integ-

rity. 0bservat'ions reported here were 'in accordance wi th the

f indings of Eyben and Droogenbroeck (1969) and indicated that

gross embryo integrìty was not influenced by treatment. How-

ever, Kuiper (I97?) notes that root membrane hydnophobicity

declines wìth initial incneases of hydrostatic pressure.

Coster el al. (L977 ) pnoposed that 'in contrast to long tenm

stra'i ns, membrane propert'i es may be permanent'ly modi f i ed by

short term stra'i ns. Thenefore 'it woul d appear poss'i bl e that

a pnoportion of the pressure induced confonmatìonal changes

i n ì'i poprote'i n respons ì bl e f or decreased membrane hydrophobi -

cìty could have been permanent as a result of the short duna-

t'i on of treatments. The ab'i l'ity of water-sensitivìty break-

'ing treatments to alleviate hydrostatic pressure inhibìtion
i ndi cates that pressure i nduced membrane changes wene not

determi ni ng 'i nhi b'i ti on. However, such changes coul d have

contri buted to inhib'ition and perhaps mod'i fied noot growth.

Eyben and Droogenbroeck (l 969) suggested the mech-

anical compress'i on of the embryon'i c axis possibly inhibited

GA formation. Yoshida et al. (1979) proposed that disruption

of the embryo was 'l i keìy responsi bl e f or the inh j biti on of GA
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production fol'l owing hydrostatic pnessure tneatment. Githua

and Barrell (1974) observed the effects of barley grain

squeezi ng (bett,leen rol I ens ) on germi nati on, extract and GA

p roduct i on of steeped gra ì ns . They reported that embryo

damage (moisture 23 to 47%) occurred when graìns of 2.5 mm

width were passed through rollers w'ith I or 2 mm spacings.

However malt yield was on'ly reduced when ro'l 'l ing was canried

out befone endogenous GA was rel eased. The rel ease of GA

appeared to be determi ned by steep'i ng techn'i que rathen than

grain moisture content. Gra'i ns that were rolled foìlowing

ain-rest showed no reduct'i on ìn malt yield in contrast to
rolled traditìonaìly steep grain. Eyben and Droogenbroeck

d'i d not speci fy the'i r steepi ng schedul e. Yoshi da et al .

(1979) however empìoyed an interrupted steep'i ng technique and

appl i ed thej r f i rst hydrostati c pressure treatment at appno-

xjmately 33% moisture. Based on Yoshida et al. (1979) steep-

ing technique and Githua and Banrelì's (I974) observations,

endogenous GA was probabìy rel eased before hydrostati c pres-

sune treatment coul d mod'i fy embryo membranes. Irrespect'i ve

of thi s however, both Eyben and Droogenbroeck (l 969 ) and

Yoshida et al. (1979) reported that hydrostatic pressure

tneatment inh'i bited GA production. Macleod (1979) noted that

GA synthes'i s requ i res 0Z wh'i ch may be ì'i m'it i ng i n prof ound-

1y dormant grains. Perhaps anoxia and C0Z/ ethanol narco-

sis induced by hydrostatic pressure inh'i b'ited GA synthesis

and as a result germination and modification. Palmer (1974)
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notes however that barl ey germ'i nat'ion takes pì ace pri or to

the mobi I i zati on of endosperm reserves. In addi ti on, N'ichoì I s

(1979) determined that in wheat GA lvas not always essent'ial

to stimulate amyìase production. In contrast Macleod (1979)

notes that the abiìity of exogenous GA to break profound dor-

mancy i n barl ey appears to act by a mechanì sm physi ol ogi cal 1 y

distinct from the stimulat'i on of aleurone activity. Cons'i -

deli ng however the j nh'i b'iti on of root growth and coì eopti I e

devel opment and the nel ati on between col eopti I e devel opment

and mod'i f ication, the modif ication of graìns subjected to

hydrostat'i c pressure was probab'ly inh'i bited.

Grai n subjected to hydrostat'i c pressure r.esponded

'i n a manner s'imilar to water-sensitive gna'i ns when subjected

to procedures wh'i ch break sensitivity. The ìnhibit'ion of

treated gra'i ns coul d be descrì bed as a severe f orm of water-

sensìt'i vity that is predominantìy associated with the embryo.

In th'i s regard 'i t i s i nteresti ng to note that Crabb and

Ki rsop (1969) reported that the embryos of water-sensiti ve

graìns have an intrinsical'ly hìgher 0Z requirement than

normal embryos. Perhaps the i ntri nsi cal ly h'i gher 02

requi rement results f rom a part'i al occl us jon of the embryo

gas phase.

Heavy rainf al I and h'i gh humidity during harvest

i ncrease the 'i nci dence of pre-germi nati on and water-

sensit'i vity. Gordon (tgZOa) reported that at hi gh graì n

moi sture (45%) a testa/pericarp rupture promotes pre-
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germination by al ìowing atmospheric contact w'ith the embryo.

Further, Gordon (1970a ) reported that the embryos of such

gra'i ns wiìl initiate growth provìded the moisture content

rema'i ns above 30%. If growth f a i l s to occu r, due to dryì ng ,

the swel'l 'i ng pressure of the nuptured grains would be in the

order of 40 MPa (Shaykewich and l.lìlliams, 1973). Gordon

(1970b) reported that a short 2 hour steep f aci I'itates the

observation of the rupture in dried grains where the pericarp

i n the embryo reg'i on i s shri vel I ed. 0rphanus and Heydecker

(1e68) observed that when dri ed Phaseol us vul ga ri s seed was

pìaced 'i n water the cotyledons swelled ìn a differential
f ash'i on creat'i ng an i nter-cotyì edon cavi ty. They proposed

that the rapid sweììing caused a reduction in internal pres-

sure w'ith j n the cavity and that as a result the excess water

responsible for soaking 'i njury was drawn in. Therefore ìt
appears poss'i ble that when a grain is pìaced in contact w'ith

a free film of water the rapid hydration of the coat coupìed

w'ith its low permeabìlity may cause differentìal swe'l ling.
That is at least initially the graìn coat would swell faster

than the I ess or unhydrated embryo and endospenm 'it encl oses.

Given the low permeabììity of grain coats to water and gases,

the di fferenti al swel I i ng coul d reduce the i nternal gas

pressure. If such d'i f f erenti al sweì'l i ng uJere to occur water

would be drawn in through coat ruptunes. A rupture ìn the

reg'ion of the embryo mi ght theref ore result in any gas phase

around the embryo becom'i ng parti al ly occl uded. In
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add'ition, the rapid unrestricted entry of water into the em-

bryo region below the grain coat could promote dìfferentìal
swel'l i ng with'i n and between t'i ssues such as the col eorh'i za

and radicle, possibly promoting further occlus'i on and the

temporary creat'ion of abnormal intertissue spaces. The con-

dit'i on created would be similar to that 'induced by a hydro-

stati c pressure treatment and the manner of water entny mi ght

possì bìy represent the events that occur when water-sensiti ve

grain is pìaced in a steep. Hough et al. (1971) dnew atten-

tion to the fact that the expressìon of water-sensitivity
unden test conditions is h'i ghest when the gnains are ori en-

tated dorsal surface down. Thi s ori entati on may al ì ow water

to move through the test /per i carp ruptu re observed by Gordon

(1970a,b). l,Joodbury and W'iebe (1983) reported that in wheat

post harvest dormancy and donmancy induced by coumari n was

onìy expressed when the grai ns were i n contact w'ith I ì qu'i d

water. They proposed that the phenomenon was related to a

pericarp crack in the bnush regjon. 0bservations ind'icated

that the crack al I owed the rapi d movement (bel ow the peri -

carp) of ì'i quid water across the dorsal surface of the

grain.

Gordon (1970b) reported that under favourable har-

vest conditjons the rupture occurred jn <2% of barìey grains

of malting qua'l ity. It was poss'i ble however (Gordon 1970a),

by making an art'i ficial rupture, to st'imualte barìey grains

to germi nate f rom 10 days af ter anthes'is onwards under the
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condÍtions of the germination energy and water-sensit'i vity
tests. However Gordon (1970a ) most frequentìy created the

artificial rupture by peeììng the testa/pericanp away from

the embryo region. Pollock et g-l . (195sb) reponted that
pierc'i ng the test/pericarp 'in the embryo negìon w'ith a

sharp needl e al I evi ated profound dormancy but not water-

sensitìvity. l,Jhen such gra'i ns were sectioned immed'i ately

behind the scuteì lum water-sensitìvìty was lost. In add'i -

tion, Polìock _xt -qj_. (1955b) reported that acid decortica-

tion rel'i eved water-sensitivity. Therefote, grains w'ith

pee'led pericarps might not be expected to exhibit water-

sensit'i v'ity.

Essery and Pol I ock ( 1956 ) reported that the rate of

breakdown of profound dormancy i n undri ed ( 1S%) ba rì ey samp-

I es 'increased with h'i ghen storage temperatures. In contrast,

the rate of loss of waten-sensitivity was found to be invers-

ely proport'i onal to the gra'i n mo'i sture content after drying.

Drier grain los'i ng water-sens'itivity faster. Brookes et al.
(1976) notes that profound dormancy is most rapidly broken by

hi gh dryi ng and stonage temperatures whereas hi gh storage

temperatunes have less impact on water-sens'it'i vity than stor-

age at low moisture. Therefore the drying of water-sensitive
grai n coul d remove water occ'l udì ng the embryo gas phase.

However, hydrostat'i c pressure treatments indicated that the

occlusion of thjs phase would inhib'it germination and there-

fore also pre-genm'inat'ion. tJiebe (1983) proposed that grain
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dryi ng f aci I'itated the f ormati on of ai r channel s beneath the

peri carp. Pol I ock et al . (1955a ) reported that profound

dormancy and water-sens'iti vity both appeared to be determjned

by perì ca rp 'integri ty

Possibìy therefore, prior to drying a single testa/

pericarp rupture exists above the embryos of water-sensitive

g ra'i ns. 0n contact wi th excess waten, water i s drawn i nto

the embryo regi on creati ng a germi nati on ì nh'i bi ti on condi t'ion

s'im'i I ar to that observed i n grai n subjected to hydrostati c

preSSure. However, if the water-Sens'itive 9raìn is dried and

stored at low moisture addìtional pericarp a'ir channels are

possjbly created. These addit'i onal channels may be able to

compensate f or the rap'i d movement of water around the embryo

(during steepi'ng) as the d'i ffus'ion res'i stance of such

channels would be 'i n the order of 1 x 102 ,^'2 s-l

ì ess than that of i ntact peri câfP, even when fl ooded.

Po'lysacchanide ìayens associated with the embryo/

testa (Plate 17) and pericarp/husk (Macleod, 1979) interfaces

may al so be i nvol ved 'i n the water-sensi t'i vi ty mechan'i sm.

Rap'id expansion of these poìysaccharides cou'l d 'inhib'it gas

movement and pref erentiaì'ly draw water through peri carp

cracks. Grain drying (at low moisture) may lead to the frac-

tune of these layers, such that on hydratìon swelling does

not compì eteì y occl ude the gas phase.
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