31990

Bibiiothdque nationgle

l National Library
du Canada

of Canada

MU(L

NAME OF AUTHOR ‘NOM DF { "AUTEUR

CANADIAN THESES
ON MICROFICHE

Y

THESES CANADIENNES
SUR MICROFICHE

s

TITLE OF THESIS TITRE DE L A THESE SJ’L«T loo A d J{L uﬁaLvM Cony ket

PC ba LLQL'I

4%

7 4

UNIVERSITY. NI VERSITE

N
L(_l\'\q UC/X/J_L{_:; O }

-~ Allenda

DEGREE FOR WHICH THESIS WAS PRESENTED

P D

GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE _-

YEAR THIS DEGREE CONFERRED/ANNEE D' OBTENTION DE CE£ GRADE

Dr

NAME OF SUPERVISOR 'NOM DU D/REC TEUR DE THESE -

(9 77

Permission s hereby granted to the NATIONAL LIBRARY OF
CANADA to microfilm this thesis and to lend or sell copies
of the film,

The author reserves other publication rights, and neither the
thesis nor extensive extracts from it may be prjnted or other-
wise reproduced without the author’s written permission,

DATED/DATE Fd ”)S 7 7

SIGNED/SIGNE

L'autorisation est, par la présente, accordée 3 /a BIBLIOTHE-
QUE NAI/ONALE DU CANADA de microtilmer cette these et
de préter ou de vendre des exemplaires du //'/m._

F’auteur se réserve les autres drojts de publication, ni ia
thése ni de longs extraits de celle-ci ne doivent étre imprimés

ou autrement reproduits sans : autorisation écrite de /"auteur.

afu

¢

,Jﬂayﬁ

PERMANENT ADDRESS/RESIDENCE FIXE

qum, €

CLlose N

A /,(H/J‘a

Cfl Oja/n;
( Anadd 0{ Q‘

NL=-91 (3-74)



'* National Library of Canada

Cataloguing Branch
Canadian Theses Division

Ottawa, Canada
K1A ON4

‘NOTICE

The quality of this microfiche is heavily dependent upon

the quality of the original thesis submitted for microtilm-
ing. Every effort has been made to ensure the highest
quality of reproduction possible.

It pages are missing, contact the university which
granted the degree. é

Some pages may have indistinct print especialiy i
the original pages were typed with a poor typewriter
ribbon or it the university sent us a poor photocopy.

Previousvly copyrighted materials (journal articles.
published tests, etc.) are not filmed.

Reproduction in tull orin part of this film is governed
by the Canadian Copyright Act, RS.C. 1970, ¢c. C-30.
Please read the authorization forms which accompany
this thesis. '

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-339 (3/77)

' N\

L 1 ‘u
Bibliothaque nationale du Canada

Direction du catalogage
Division des thases canadiennes

AVIS

La qual'ie de ggite m ~rofiche dépend grandement de la
qualite (dela ﬂ%e soumise au microfilmage. Nous avons
tout far pour assur:r une qualité supérieure de repro-
duction.

S'il manque des pages, veuillez communiquer avec
I'université qui a contéré le grade.

La qualité d'impression de certaines pages peut
laisser a désirer, surtout si les pages originales ont été
dactylographiées al'aided unruban usé ou sil université
nous a fait parvenir une photocopie de mauvaise qualité

Les documents ‘qui fdnt déja I'objet d'un droit d'au-
teur (articles de revue, examens publiés, etc.} ne sont pas
microfilmeés. '

La reproduction, méme partielle. de ce microfilm est
soumise a la Lok canadienne sur le dgoit'd'auteur. SRC

‘1970, c. C-30. Veuiltez prendre connaissance des for-

mules d’autorisation qui accompagnent cette these.

v

\

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE

N IR, e ——— . - L A o



THE UNIVERSITY OF ALBERTA

ETHYLENE AND THE CHLOROPHYLL CONTENT

OF DETACHED SPINACH LEAVES

.‘ ' by

/C> HUA HSU:

A THESIS
SUBMITTED TO THE FACULTY OF GRADUAfE STUDIES AND RESEARCH
IN PARTIAL PN&FILMENf OF THE REQUIREMENTS FOR THE DEGREE
OF bOCTOR OF PHILOSOPHY o ,

9

- DEPARTMENT OF PLANT SCIENCE

EDMONTON,.ALBERTA

SPRING, 1977



- ' THE UNIVERSITY OF ALBERTA
A

FACULTY OF GRADUATE STUDIES AND RESEARCH

: 3 .
The undersigned certify”that they have-read, and

a7 .recommend to the Faculty of Gfadﬁate Studies and Research,
for acceptaqce; a thesis entitled ETHYLENE AND THE
CHLbROPHYLL CONTENT OF DETK&HED SPINACH LEAVES submitted
by HUA HSU in partial fulfilment of the requirements for ‘

the degree of Doctor of Philosophy in Plant Physiology and

“Cluchemi st "y .
-

(Supervisor)




ABSTRACT -

Thls,research was‘Undertaken to study the g@ffects of ethylene on
the degradation of chlorophyll in spinach leaves. The influence of
ethylene on'chlorophyllase (chlorophyll chlorophyllldohydrolase,'EC 3.

l.l@) activity and on the ultrastructure of the chloroplast, photo-
‘synthesls,'respiratlon end changes In Ievels of proteln was‘studled:‘
Investigatlons were'also,made of the protective effect of CO,,
cytohinlns and some inhibitors of proteln'synthesis‘(éyclohexlmlde,
chloramphenlcol)‘against the action of ethylene.

In open systems, chlorophyllase activlty was higher in
'~vethylene-treated samples than in alr-treated ones. The lncrease in
chlorophyllase activity could’bglresponslble for the greater decrease
in chloroohyll in ethylene*treated samples. When'snlnach leaves were
treated_with ethylene in a sealed jar, the.chlorophyll.oontent of these'
leaves remained higher than that in open‘systemvbrobablyibecsuse of
reduced chlorophyllase activity in the presence of accumulated COZY;
\yinside the jer. lndeed 1.2% CO, in a continuous stream of 50 ppm
. ethylene in air showed similar results | |

Ethylene lncreaSed thqnsoluble proteln content of spunach leaves
for a perlod ‘of up to one day. The addition of cyclohexlmlde (l2 ug/ml)
arrested the ethylene -induced chlorophyll degradatlon and chloramphen-

icol had only 5 slight effect. Thus} de,novo synthesis of proteins was
vprobably :nvolved‘iyrung ethylene-induced chlorophyll degradation.

The destructlve effect of ethylene (50 ppm ethylene ‘alone) on‘

chlorophyll content was shown to be very high in the absence oF;COz:

v
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At lOZ €0, 1t acted rather synerglstlcally wlth ethylene, iHowever at -
concentratlons of lz 5%, 25% and 50% CO; carbon dloxlde seemed to
protect the degradatlon of chlorophyll by ethylene (50 ppm) Theeeffect

\
of COZ agalnst ethylene Induced chlorophyll degradat ion was not directly

Proportlonal to its concentratioh. F/(’—j—’

Light intensity was also found to affect the chlorophyll content
of spinach}leaves treated with 50 ppm ethylene. The'hlgher the light
intensity, the lower was the chlorophyll content _ ' -

There was 'a quantltatlve difference .in the pigments between.

ethylene -treated and air-treated splnacH leaves as éVldenced by

Sephadex LH20 gel column and YIn layer chromatographic separation of
s v;/ . '
chloroplast pigments. The decrease of carotenolds is contrary to what .

was expected in view of tHe |ncrease of yellow plgmah;atlon _E}hylene

might have lnduced the degradatlon of chlorophyll. thus removing or
unmasklng the yellow color of carotenonds

Antlsenescent agents such as N-6-benzyladenine and kinetin were
tested for their effect against the enhanced bleaching of chlorophyll

in the presence of ethylene. These chemlcals reduced the ethylene-

"

enhanced bleaching. Klnetun waJ more effective than N-6- benzyladenlne

in lntact spinach leaves and in disks.

J l

Ethylene exerted no observable effect on the: Hlll reactlon oF

chloroplasts isolated from splnach leaves whether these were coacurrent-
l'}

-ly or preVlously treated with 50 ppm ethylene for One day ﬂowever,
l

ethylene did |nh|b|t the Hill reactlon of lsolated chloroplasts f riom
¥

'splnach leaves previously treated with 50 ppm ethylene for. two or three

g
wd
ELF

‘ days Ethylene also reduced net CO2 assimilation of splnach leaves

The Hill reactlon of leaves treated with ethylene decreased gy QOZ as

\'



compared to that of air controls at Day 2.and Day 3 of treatment, where-
: \

as the inhibition of net C0, assimilation was 60%.

-

BN The treatment of 50 ppm gthyléne on spinach leaves.for
ultrastructure studies was for period; up to three days at light
lntens;ties of 50 and 2500.f¥ candles. The effects of Ethyf;ne on
chlorOpjast ultrastfucture were: swelllng and dlsc;nt!nﬁlty of thyla-
koids, dislocation of grana and sometimes Invaginations of the lpner @
membrane of the envelope and finally dlsappearance of thylgkold membranes.
The disorganization of the thylakold membrghe systems lncﬁeasedAM!fa

" time and ylthlhlgher 11ght Intggf}ty. 'The osmiophilie globules usually
occurred within the dlsorganlzed‘khylakold area or at the end of the
thylakoid and broke the continulty of the membrane system. These

| -
electron-dense bodles increased In number and size with Increasing

length of ethylene treatment.

v
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INTRODUCT ION

A. Role of Ethylene i Leaf Senescence

1. .Leaf senescence

Ethylene has neen recognized as the natural triggerlng agent
ger'senescence in many plant tissues (Cousins, 1910; Doubt, !9]7;
Denny, 1927; Corcker, 1932; Gane, 1937; Kidd and West, 1938; Hansen,
1943), including ftuits and leaves. Osborne (1968) and Jackson and
- Osborne (1970) have reported from their studies of the pattern of
ethylene production by Ph&seolus vulgaris leaves that ethylene produet-

”-

ion vncreased as leaves aged and may be responsuble for trlggerlng

senescence. :
The degradation of chlorophylls of some fruits and other

.
plant tissues has been'shown to be accelerated by ethylene./ Ripening of
fruits can be manibulated by controlling 'the leve]s et'available
ethylene. This aspect has been successfully exploited for their
" commercial storage (see Ryall and Lipton, 1972).

In ‘addition to controlling fruit ripening, acceleration of.
leaf seneﬁcence by ethylene hes received commercial attention in v
tobacco curlng, and celery blanching. . Rossu (1934) reported that’
‘ethylene reduced the curing time for tobacco by 40%. Harvey {?925
observed that ethylene decreased the chlorophyll content of/éelery

&

stalks although yellow and red pqgments were not affected, and the

' ‘ ' ]
effect'was'irreversibie. While the acceleration of senescence induced
by ethylene with respect to ripening is often considered beneficial,

it is harmful when it results in early senescence of vegetative tissue.

1



‘_‘v J‘jé ' 2.
A»\(f o ¥
This occurs when head Iettuce is exposed to mlnut@’amounts of ethylene
[.,t # .
(1 ppm, or less) Thus exposed, lettuce shows reddish.brown or olive

spots within a few days. THis disorder, i’ frequently sedious and is

. . . B .
known as russet spotting. 6 It é*fects the appearance and arketablllty
. ) . h b: »

of head lettuce (Rood, 1956). Ethylene could induce slmll r damage
in other green tissues either in an artlflcnal environ (stokage cham rs

etc. ) or in“a natural habutat (Phan, 1971). . \ (j}\ N

~
ot

2. Senescence and buochemicai changes

Harvey (1915) demonstrated that etiolated peas, when Passed
with 100 ppm ethylene for 72 hours, lncreased its eoluble
compounds such as sugars amino acnds and amudes with a cohcomltant
decrease in lnsoluble compounds such as starch; protelns, and cellulose.
These observatlons are typlcal of senescent tlssues and it was therefore
concluded that ethylene probably enhances'seneseence.

Senescence also jnvolves the»loes of RNA'(Abeles et al., 1967;
Sacher and Salminen, 1969; Steffens et al., 1970) and other
constituents of the leaf. The effeot of ethylene on _these degradation
processes heswbeen measured in bean plants and the data show that
actually RNA‘degradation was small compared’ﬁb the reduction of protein
levels‘(Abeles et al., 1967). Sacher and Salminen (1969) Performed
similar experiments ahd concluded that ethylene’decreaeed the rate of
RNA and protein synthesis'in'bean.pode but had no effect on Rhoeo
discolor 18Factions. |

; Vhen'excised leaves are kept in light or dérkness, fhere is a

rapid breakdown ¢f protein ih the blade, accompanied by a loss of

ohlorophyll. Harqﬁﬁ and Thimann (1972) reported that when the first

few leaves of ost sfBdlings were detached and left to senesce in the



dark, the sequence of events was as follows:‘ wlth}n a few hours (at
25°C) proteolys{s began and about 18 hours Iayer, Lhe-chlorOphylls’
began to decrease. After‘three days, 55-60% of the chlorophyll‘and
about 60% of the total protein had disappeared.’ Cyclohexlhide arrested
both processes but chloramphenicol did not. Similar’ﬁésufts were
recently reported with barley leaves by Peterspn and Huffaker (1975).
In both cases, it was concluded that hydrolytic enzymes, syn;hesized in
the cytoplasm, initiated the senescence phenomenon and the chloroplasts
subseqﬁently'bécame invol;ed. The idea was also proposed earlier by
Choe and Thimann‘(197h) who studied the sénescence of isolated chloro-
I . §
plasts from oat leaves. They found that the rate of loss of chlorophyll was
_ only about lO%vof that thch Qccurred in thevdetached oat leaves at the
4's§me temperaggfe, whereas the loss of protefn, though slightly mo e
rapiJ,'was only’ 36% afterkseveﬁ dayS. The unexbected'staﬁility of the
" chloroplasts is marked by their photosynthetic activity, 81% of‘photo-

system | and 35% of phdtdsystem I being present after three days at

25°C. Traces of system |, but not of system ||, were detectable even

!

after seven days. - a
: I

3. Ethylene Ieafrabstfssfon énd_degradatjon of chlorophyll
Leaf yejlowing is often éssociated Qith abscission al;hough a

number_of'exampies have been published dealing with acceleration of
abscissibn at high ethylene levelsywithout concomitant yellowing
(Zimmefﬁan et al., 1931). While.abscissiﬁnrappears to be sepa;éted
from yélJowing, factors such'aé'IAA or C02 that block or prévent
ethylene actisn also prevent>or deléy‘yellowing. Onvthé other hdand, the-
combounds-that have been linked to increased ethylene‘production Have

been found to enhance chlorophyll degradation. Foiiage sprayed with

-
x
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preparations of n-butyl ester of 7, 4-dichlorophenoxyacetic acid (2,4-n)

or of 2,4 ,5-trichlorophenoxyacetic acid (2,4,5-T) becomes pale green or '

co ) LA
yellow within a few days. The synthetic auxins cause premature

A]
senescence and leaves fall probably because of an increase in ethylene

N ‘ ,
production. It is generally accepted that the defoliant action of :
auxins is mediated through increased amounts of ethylene in the blade

(Osborne, 1967, 1968).

L. Degradation of chloroéhyll during senescence
The accelerafed'coloringrof fruits is a well-known effect of
‘ .
ethylene (Harvey, 1926; wWolfe, 1931; Denny and Miller, 1935;'Gane,
1937; Heinze and Craft, 1953; Pratt and Workman, 1962; Lyons and Pratt,
1964) .

The biochemistry of &hlorophyll dégradation ié'qssociated with
the destruction of chloroplast (Thomson, 1969). Looney and Patterson
(1967) reported an increase in chlofOphyIlase‘actiyity in ripening
apples and banana, suggesting that this enzyme plays a role in chloro-
phyll degradation. However, many other enzymes must al§o take barp in
the'breékdown oF the’chloroplasts. The exactlhature of‘th;se enzymes
is unknown. It appe#rs ligely that protein synthesis is involved in
‘their appearance (Abeles et al., 1967).

B. .Chloroplast Ultrastructure and Function

In ; photosynthetic ceil, the active chlorophylls are function-
ally organized in éssoc}atidn wifh specific enzymic components within
lamellar membranes. 'The overall morphology of chlorqplast; may vary
considerably depending on the organism studied.

Spinach chloroplasts contain primarily two kinds of membrane -
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one that forms the boundary of the chloroplast, the ”epvelope membrane'', .

and the other the "'lamellae membranes'' which are present inside the
chloroplast. The stroma of the chloroplast is the proteinaceous matrix
that is enclosed by the ch!oroplést envelope. In additlon to the
internal chloroplast lamellar syétem, it contains a numbe? of
particulate structures visible in an electron microscope. These
structures incjude ribosomes and strands of DNA. It is well documented
that bdth these components play a role in chloroplast self-regulation
a;d replication (Kirk, 1970; Sager, 1972). Ellipsoidal starch grains
ranging in size from'0.2 Hup to 1.5 u often lie between the internal
lamellae of the chloroplast, Occasionally osmiophilic (Tipid) bodies

can also be seen.

1. The Chloroplasf envelope

The chloroplast envelope is comprised of a continugus double
membrane with a subunit structure in thin-sec£i0ned preparations (Weier
et al., 1965, 1966a). Numerous studies with isolated whole chloro-

plasts indicate the plastid envélope acts as a selective barrier to the

e ;
|

transport of various metébolites into.or out of the chloroplast, In
addition, the plastid envelope is thought.to play a role in the
formation of ﬁew internal lamellae. Much of the‘early‘li;erature
de;cribing>vesicle formation and fusion of the enveloég/;;s'reviewed by
Menke 0]962), who concluded that there is no doubt that:thylakolds can
arise from the inner membrane of the plastid. Recent reports describe
& variable patte:; of differentiation along the length of fhe internal
chloroplastliame]lae suggesting that a complex process of development

must exist within the plastid (Park and Sane, 1971).

-



2. Lamellae (thylakoid) membranes

The internal lamellar structure of h;gh plant chloroplasts has

been studied with the electron migroscope in numerous laboratories. A
characteristic feature is the presence of smalllmembranous disks, .
called grana, which are stacked one upon another much like a pile of
coins (Rabinowitch, 1956). Each granum stack is composed of two or
more saclike disks termed thylakoids. It has been recognized for many.
years that grana stacks are interconnected by membranous regions (the
stroma lamellae) that unite thylako}ds in separate stacked regions.
These have been discussed and compared by Kirk and Tilney-Basset (1567)
and moré recently by Park and Sane (1971). The view that has emerged
from these studies is that each stroma lamella is continuous with
numerous thylakoids within the same grana stack and also with thylékoids
fn different grana stacks (Heslop-ﬁarrisdn, 1963; Wehreme;er, l96h;.
Weier et al., 1966b; Paolillo, 1970). ,

| S}rbma and grana la%ellae of higher plant chloroplasts
constitute an elaborate infrastructure of membranes where the conversion
of l?ght into chemical energy takes place. T%ese two types of membranes
have been separated physically by differential centrifugation following
breakage of class lf'chloroplasts with digitonin, Triton X-100 or a
Frgnch pressure cell (the stroma lamellae are lighter and smaller) and
éomparative studies of their structure, gros§ chemical composition,
patterns of development, and enzymatic capabilipies have been‘made
(Alten et ai., 1972; erntzen et al. 1969; Boardman and An§ersqn, 1964 ;
Goodchild and Allen, 1973). The biogenetic relationships between the
“two type§ of ‘membranes, if any, have not been established clearly.

The stacked membrane (grana) differ in their composition from



unstacked ones (stroma lamellae). The Chl a/Chl b ratio of stroma
lamellae (8.1) is higher than grana lamellae (2.7) for spinach leaf
chloroplasts (Gasanov and French, 1973). Stroma lamellae are also
relatively def!cignt in Cytochrome 559 and manganese, but are rich in the
r;action centre chlor§phyll of PS 1 (P;00) as compared to grana

lamellae, Electrophoresis of sodium dodecyl sulfate solubilized
membranous proteins shows that stroma membranes contain a predominance
of the protein complex corresponding to PS |, while grana contain
complexes for both PS | and PS Il (Sane and Park, 1971).

~

3. Localization of chlorophyll molecules in thylakoid membranes

A unique feature of chloroplast thylakoids is the high
proportion of specialized lipid molecules, chlorophylls, carotenoidg
and plastoquinones which are not involved in formation of the bilayer
but have a functional rolg (Andersoé, 1975a). PRecause éf their
prime importance in the capthre of light energy, the chlorophylls are
the mogt importént component and comprise about 20% of the lip}d
soluble mass,

A; expected of light receptors, which are to be membrane
bound, these molecules are amphipathic (Fig. 1A, Anderson, 1975b).
Theichlorin ring has an area of enhanced polarity in the carbohyy group

. ‘
of isocyclic ring V and in the propionic acid sid? chain of ring IV,
thus giving the sqﬁare plqﬁar ring a‘hydrophili; edge adjacent to the
phytyl tail: the Mg++ also has hydrophilic properti—‘esj Phytol, a =
C-20 alcohol composed of fou} isoprenoid uhits, hgﬁ only one double
bond %ar removed from the “'tail' end and is thus more rigid than the
bulk of ch!ofoplgsq membrane fatty acids. Chlorophyll b is slightly

more polar than chlorophyll a, since it has a formyl instead of a methyl
»
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1. Possible location of chlorophyll within chloroplast membranes.

A,
B.

Chiorophyl! a. ‘
Schematic cross - section of chloroplast membrane showing
an intrinsic protein spanni e ,» W ydro-
philic regions located at the membrane surfaces and a
hydrophobic portion (shaded) embedded within the non-polar
interior of the lipid bilayer. It is postulated that the
chlorophyll molecules (represented above with the hydro-
phobic portion of the chlorin ring shaded) are located as
part of the boundary lipid of a chlorophyll-protein

~complex. The phytyl chains are perpendicular to the

membrane surface in close interaction with the outside
perimeter of the hydrophobic region of the intrinsic

‘protein. [In contrast, the chlorin rings are buried within

the protein: the hydrophilic edge of the chlorin ring is

“located at the membrane and the hydrophobic part is buried

within the hydrophobic interior of the intrinsic complex
(from Anderson, 1975b) . :

i



group in ring 11, Co, e
. ) N

Most of the chlorophyil is likely to be attached to these

complexes Dyivo as part of the boundary lipid, with the chlorin }ingg.fvaT

located towards the membrane surface'kFlg. 18, Anderson, 197%). The
fact that, in the absence of water, chlorophyll cannot be extracted from
leaves or cells with non-polar ;Blvents has often been thought to.
indicate that the bulk of it is attached to protein in vipe (Rabinowftgh,
1956) . The complexity of i :1ipe spectra strongly suggests that the
chlorophylls occur'in several environments that arise from interactions
of chloraophyl!l molecules with other ¢hlorophyll molecules (as a result

of specific aggregation of the chlarin rings), with proteins and with
lipids (Browm, .1972; Katz and Norris, 1973; Kreutz, 1970; Strouse, 1974).

/ »
Where are u&r phytyl chains anchored in the membrane to achieve such an

orientation? Anderson (lé?Ba) suggested that the phytyl chains are -
placed adjacent to the outside perfmeter of the hydrophobic portion of
two major intrinsic‘proteins, in contact with proteins on one sideé and
lipid on the other, and thus are part of the boundary lipid of the two
chlorophyll-protein complexes. The hydrophilic edge of thé chlorin
ring, adjacent to the phytyl group, interacts at the membrane surface
with the exposed hydrophilic segment of the intrinsié protein anq the
more hydrophobic portion of the tetrapyrrole moiety extends fur;her
into the membrane and is buried in the hydrophobic region of the
intrinsic protein. Hence, both the phytyl chain and the chlorin ring
interact with protein. A schematic diagram ;f this concept is éﬁown in
Fig. 18 (Anderson, 1975b). Additional lipids are needed to complete

the boundary lipid layer. The necessary,. but undefined aggregation

of the chlorin rings required for maximum energy transfer are possible

S



in this model. Further, this orientation of the chlorin rings

so that they are almost buried in the folds of the protein should
ensure that the chlorophyll nmlocules.aro securely locked in
position and might jxplafn vhy chlorophyll is still associated
with prdteins, a%{ér careful sodium dodecyl sulfate solubilization
of the membrane.(Thornber, 1975: Anderson, 197Sa).

It is well known that chlorophyll a exists in vipo as
saveral forms with distinct dbsorption spectra (Brown, 1972). It
is generall; believed that two phoiosystems)function in green

R
plant photosynthesis. One photoreaction (PS 1) i; closer to the
oxygen evolving step and mainly uLi)izEs-visible Iightﬁof wave -
length shorter than 680 nm absorbed by such active pigments as
chlorophyll b, and certain forms of chforophyll a. The other

(PS 1) is closer to NADP reduction and is mediated preferentially

by the longer wavelength forms of chlorophyll a.

L. Senescence and wltrastructure of chloroplasts

(i) Natural changes - -

l.keda and Ueda (1965) followed f%e changes in chloroplast
struchre in the mesophyll cells of detached Elodea densa leaves
floated on distilled water in the dark. As the leaf yellowed,
the chlorﬁplasts became swollen and more spherical, the grana
and stéomé thylakoids became indistinguishable and the
'osmiophilic globules increased in size. In the final stages, when
no obvious trace of chlorophyll remained, the osmiophilic
globules still contained carotenoids and were yellow in color.
A similar patterﬁ of breakdéwn has also been observed for

detached wheat leaves, floated on water at low light intensity



(Shaw and Manocha, 1965) and in mesophyll cells of kidney bean

leaves senescing under natural conditions, while still attached
to the plant (Barton, 1966). In senescening bean leaves the first
sign of changes was a localized swelling of the chloroplast

thylakoids. This was followed by an increasing loss of
thylakoids, disappearance of the stroma, and, again- the marked
accumulation of globules. The outer envelope remained intact.
Butler (1967) compared the course of events in the mesophyll
cells ofyboth attached and detached cotyledons of cucumber
(Cucamis sativus). The oversll pattern of breakdown hnre some
resemblance to that In wheat and bean leaves. The first obse?vable
diffefencesin this case appeéred simultaneously in the chloroplasts
and the ribosome population. Chloroplast breékdown results in
a spectacular accumulét}on of osmiophi{ic globules that were
anally relea;ed into thé ground plasm.

The pattern of changes found in the chloroplasts
of the’aetached’first true leaf of cucumber seedlings is
slightly different from the patte}n found in their cotyledons
(Butler and Simén, 1971). The first detectab]é_changg is the
disappearance of the ch]droplast ribosomes, be followed
shortly by the disorganization of theAstroma t yléko7Js and
then the grana. Frequently these are replaced By a nore
simple lamellér system orientated along the long axis of the
chloroplast. This, too, later disintegrated with the usual
accumulatfon of osmiophilic globules. A simi]ar'pattgrn of
changes has also been reported in disks cut from leaves of

brussels sprouts and floated on water in the dark (Dennis et al.,



1967) . \

A further variation on the scequence ol chloroplast
changes is evident in the yellowing leaves of Nieotiana rusiica
-(Ljugestic, 1968). In this instance, as in cucumber Jeaves ,
the stroma thylakoids degenerate before the gfana; wh%ch are
still intact when‘hajf the original content of chlorophyll has
disapbeared. At this time, no si;ple lamel lar system is formeg
and the osmiophilic globules increase in number and size as
the grana gradually Hegenerate. A similar sequence has been -
observed ip ceils from the fronds of Jemma gibba (Butler
and Simmon, 1971) and leaves of Flodea (Yoshido et al., 1969).
Brief reference is also made in the literature to the
degeneration of chloroplasts in leaves of X&nthium (Osborne,
1968) . Woolhouse (1967) also comménted:that in leaves of
Perilla the chibroplasts appear to break down before there .is
any obvious change in the structure of mitochondria.

(i) Osmiophilic globules

The mést conspicuous change in green tissue is
the breakdown Qf the ;hloroplasts with its attendant massing
of osmiophilic globules. Small g]obuies‘of this type are
regarded as a normgl featyre of the chlorqplast stroma (Gramick,
1961; Menke, 1962, 1966).

- There is some eviaence that the globules.are an
accumulation of membrane breakdown products as suggested by |keda
ana Ueda (}96&) and by Barton (1966). ‘LLchtenthaIer (1969c¢)

showed that the breakdown of chloroplast thylakoids in a

-



number of species is accompanied by an increase in the levels

of carotenoids and lipogquinones in thé enlarg{né'globules.

In addition, senescing chlorqplasts showed a striking

resemblance to fHose chromoplasts which differentiate from

normal chloroptast. Thbmson (1966) reponted that the chlbroplast-
chromoplast franﬁftion in Valencia oranges is accompqnied by

the formation of the small paragranal globules simflar to

those féund‘in the ch]oroplggts of senescing leaves. Iﬁdeed,
Thomson suggested that they may contributé toward the formation
of the large globules in the mature ch}oroplas;._ These pigmented
oranges have the ability to regreen under ngtufal conditions. |

“In this process the chromoplasts revert back to chloroplasts,

the globules disappearing as the thylakoid; reform (Tﬁomson :

et al., 1967).. The authors suggest that the lipid from the

globules is utilized duriﬁg membranevformatioﬁ;

In the dévelopmept of yellow Narcigus petals the

chloroplast thylakoid sygtem becomes rearranged to a system

of concentric lamellae (Nichols et aZ.,,]ﬁé?). However,

there is no stage of thylakoid deggne?;tionvénd no marked

accumﬁlation of gTobuIesL Finally, the degghefétion of the
‘prolgmellar body (Tubular lattice structure in young plastids)

ion the exposure of young leaves‘to light is accpmpanied by ¥
an in;fé;se in the number of globules, dqésibly'as breakdown

products of it; lipoprotein membrané (Gunning, 1965).

The chloroplast-glogules from a number of plants (Bailey:and’

Whyborn, 1963; Barr et al., 1967) have been isolated and found to

comprise a mixture of lipids and other substances, not all of which are
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to be found-in chloroplast membranes. The composition of the globules
changes with age and it may well be that the globules act as a general

Store or reservoir of excess lipids and other substarices (Lichtenthaler

and Pevellng, 1967).
. A .
Obviously there is no single explanation for the marked accumul-

ation of globules in senescing chloroplasts. However, thc evidence
indicates that they consist of- both membrahe breakdown products and the
still accumulating précursors. ‘They may also rcpresent a general |
reservoir of excass insoluble 1ipid material not necessarily connected

!

to membrane breakdown (Bailey et al., 1966).
(iii) Protein .
When leaves senesce the loss of chlorophyll is accompahled by

disappearance of a large proportion of the protein that was originally

present. Since most of the proteln in green leaves is located in the

'

chloroplasts (Zucker and Stlnson, 1962), a leaf cannot suffer much

protein loss without harm to its chloroplasts In wheat leaves (Shaw

!

and Manocha, 1965; Shaw et aZ.,,1965) and in cucumber cotylcdons
(Lewington et al., 1967; Butler, l967), the. loss of chlorophyl1 and
protein were correlated with changes |n chloroplast ultrastructure

It may)well be that the loss of protein from chloroplasts is ‘the
factor that initiates chloroplast breakdown, accounting for the

similarity in the symptoms shown by chloroplasts in tissues that are

senescing. ' \

-C. Chlorophyll Degradatlon

I, Structure and major functional grougs

A common feature of the chlorophylls, distinguishing them from

o

/

P
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nonphotosynthetic porphyrins is the cyclopentanone ring, conjoining
them with ring 111 (Fig. l).’ All paturally occurring'porphyrins have

I
a‘propionic acid residue at position 7. In the chlorophylls, thlS

"position is esterlfued with a long-chain alcohol (phytol, Czo). The
phytol free compound s known as a chlorophyllide; if it does not

contain magnesium, it is a pheophorbide. In the form of the naturally

occurring ester, the compound is a pheophytin.

J Chlorophyll “Phytol . Chlorophyllide

-Mg [-“g
-Phytol - Pheophorbide

APheophytin

Chlorophyll can be compared to a tadpole, with a porphyrin

""body'' and a phytol Ytail', The ''tail'' makes up about one-third of the

moleeule by weight. The llpophlllc phytyl group is preSent in every
' funetional chlorophyll. It is probably.responsublelfor:the association
of chlorophylls with']ipoproteins or carotenoids of‘thylakoid membrane
in nature (also'see>paga 8);

The alicyclic ring V, wuth its keto oxygen functlon and carbo-

methoxy group and the ' 7- prOpuonlc ester group constitute the most

hydrOphlllc part of chlorophyll. In"a monolayer over water, chlorophyll

sits with these groups against the water, the phytol group and the rest
of the porphyrln part foldlng into a V- shape at an angle to the water
surface (Bellamy, 1963). Thls property of chlorophyll moleCUles
conforms with the model of chlorophyll location in thylakOId membranes
as proposed by Anderson (1975h). The ester bond between 7 pr0p|onac N
acid and phytol will be exposed to the surface of the membrane and
would be subjected to possible hydrolysis by the chlorophyllase

~

0

-
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(chlorophyll-éhlorophyflide-hydrolase, EC 3.1.1.14).

!

Finally, chlorophylls are chelate compounds of magnesium.
Unlike the case of metal porphyrins in nature, in which the metal is
always a transition element with multiple oxidation states (e.g. Fe),

no obvious role for the magnesium has been suggested. Some earlier

]

workers believed that the central magnesium atom was soméhow involved
in the actlvatlon of chlorophy]l fluorescence (Evstlgneev et al.; 1990
Livingston, 1960), but no detalled descrlptlon was avallable Recent
Iﬁ and NMR investigations (Katz‘et al., i966),’h0wever, haVe‘provideH
stroné experimeqjgl_suppoftjfor tﬁe viewﬁthat the coordinatidn
properties.of.magnesium in'chlorophyll are of aeciﬁive impor;ance %n

determining the state of aggregation of chlorophyll. Spectroscopic

invcétigations lead to the conclusion that magnesium in chlorophyll
. ) . . - )
with coordination number four is coordinatively unsaturated' and that >

one or both of the magne5|um axial positions must always be occupled by

'
'

an electron donor group (Katz, 1972). Thus, despite authorltatuve

!

statements to the contrary (Rablnowntch and Govindjee, 1969) the part

'

played by magnesium in chlorophyll behavior is rapldly belng clarified

“and the details can be seen in the excellent review of Katz (1972).

/

2. Possible mechanisms of chlorophyll degradation in plants

There are four major mechanisms involved in degradatibn of

éhlorophylis - ’ N

(i) Removal of Mgﬁ by H to form pheophytin

The central Mg ion of chlorophylls |s|read|ly dtsplaced by
strong or weak acids (Willstatter and Hocheder, ]907), a phenomenon
known as pheophytinization. The greater'stébility of chlorophyll b to

pheophytinization compared with chlorophyll a wasvexplainqd by the



following mechanism (Cho, l966):
chl + 2HY <K&l [(cp Hz)++] —X2 5 Pheophytin + Mg*t

in which the rate is determined by Keq. The'Keq for chlorophyll b is

smaller than for chlorophyll a because of resonance

out ten tlm

structures. Thesk strugtures place a greater positive charge on the
nitrogen atoms of chlorophyl!l b that are attacked by protons than on
the equivalent nitrogen atoms of chlorophyll a. |

;"{ The‘presence of chlorophyll a and b in the leaves of higher
plants has focused attention on their compargtlve biochemistry,: lhelr‘
behaviour doring senescence has been invesrigated at various times, and
it appears that chlorophyll a generally tends to be destroyed at a
faster rate (Seybold,ﬂl9h3; Jeffrey and Griffith, 1947; Wolf and Wolf,
1955) than chlorophyll b.

1 Wolf (1956), in a comparative study of ‘the leaves of twenty- '
five species of trees, snowed that chlorophyll a averaged 69.4% of the
chlorophylls in green leaves and 56.2% in yellow leaves However, rhis
is contrary to the prevnously held view that the ratno remained constant
during the fadlng.of autumn leaves  fGoodwin, 1952). Weybrew and Mann
(1958) reported earlier that the ratio oF Chl a/Chl b of senescent
tobacco l;aves does .not fall apprecnably until most of the chlorophyll

has already disappeared. Recently, Whntfleld and Rowan (197h) also

found that the Chl a/b ratio of Nicotiana tabacum leaves decreased
L

'

durlng‘senescenceronly in post-mature leaves‘ It is posaible that the
disintegration of vacoules (w:th high acid content) of plant cells of
green tissues (Butler and Simon, l97l) durlng late senescence may play !

an nmportant role in pheOphytlnlzatlon The real mechanism of degrad-

atnon of chlorophyll durtng senescence is unknown
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The difference in.reactivity of chlorophyll’a and b has been o
noticed in the making of.sflage, where the chlorophylls differ in their
.resistance to destruction by acids (Wolf, 1956) and similar reshlts i .
during drying of plaht materials‘have suggested that acids normally
pPresent in leaves are important fot the déstruction of chlorophyll.
The first manifestation of acjid modification of chlorophyll should be
pheophytun formation, and this |s 'often Found in Teaf extracts
although it is not:known whether it is an ar;ifactrof extraction.
Pheophytin formation during processing and storage of‘rfuits and .,
vegetablas'is,'however, an observed fact (Chichester an- Nak~yama, 1965).

.It is |nterest|ng to note that pheophytinization ~f ch.)rophylls
results in grey color that can be regreened by the chelatlon of
metallic ions; e.g., Cu and Zn (Schander] et aZ., 1965) .  Magnes ium,
while easil? removed froh the porphyrin ring, is difficult.to replace. ' . §

(ii) Alteratuon of the porphyrin rlng

Straln and Mannlng (1942) were the first to report the presence
of minor components in a:chlorophy!l ‘mixture when chromatographed on
powdered sugar columns. They showed that these minor components are
slightly less absorbed than the respeétive chlorophylls a and b, and
were designated chlorophyl] a' and b'. Katz et al. (1965) havé

ained evndence fram Proton magnetic resonance spectra of chlorophylls
fand b' showing’ that these compounds are Cyo epimers of the respect-
ive chlorophylls The chlorophylls a “and b were c0nverted into
chlorophylls a' and b' when plant leaves or leaf extracts were expOSedr
to treatments that included héating (Strain 1954 Bacon and Holden,
1967) and the actuon of organnc solvents: (Pennnngton et al., 1964;
Bacon' and Ho!den 1967) . From heat and organic solvents treatment,

{ . ) . [
; .
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Bacon and Holden (1967) have found four more so called 'changed I
chlorophylls a,, az and b,, b," with different TLE characteristics
and slightly differént absorption spectra., They proposed that the

[
""changed chlorophylls a and b'" al€o arise from the alteration of the

components at C;o of respective chlorophylls,

A mechanism for the nonenzymatic breakdown of :hlorophyll
| 8

whfch'involves oxyden attack on the isocyclic carbonuC1o&'wasqproposed i
by Chichester and Nakayama (1965). Théy presumed that “the process

involves the oxidation of €, followed by a fission of the }ing-to form
li

a var}ety of purpurins and chlorins. These compounds are found in
|

moderate quantities in dried plant materials (Aronoff, 1953). The
exact‘pathway of oxiaatfon is not known in ino,'and is only guessed at
in vitro. Thé-furthe} oxidation of porphyrins andéchlorins occurs
through compfete scission of the isocyclic Fing, followed by oxfdatEOn

\ |

of the tetrapyrrols (Aronoff, 1953).

"(iii) Loss of chlorophyll in relation to lipoxidase activity
The loss of chlorophyll in frozen peas has been related to
lipoxidase action as proposed by Wagenknecht and Lee.(l956, 1958) and

Lee and Wagenknecht (1958). Walker (1964) found that chlorophyll

degradation in frozen beans was related to fat peroxidation in a manner

.- analogous to the carotenoid degradation. .

Hdlden‘(l965) made an extensive study on chlorophyl] bleéching
in a system contaihing'a fatty acia, lipoxidase énd a legume seed
extract. Chlorophyll was rapidly bleached in this mixture and no
pheophytins, chlorophyllides or pgeobhorbides were detected., Neither
peroxidized iino!eic acid nor purified ]ipoxidasé pluﬁ 1ipid bleached
the chlorophyll as'répidl} as the crude'extracts.1 Therefore, she

o
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postplated‘that a co-oxidation factor for chlorophyll loss is probably,

present in crude extract. Oxygen was necessary for the reaction; anti-
oxidants inhibited the reaction bug cyanide did not.

The coupled oxidatjon of chlorophyll with linoleic acid
catalyzed by lipoxidase was also reported recently by Kies et al. (1969),
‘Buckle and Edwards (1970), Ofthoefer and Dugan (1973) and Imamura and
Shimizu (1974). No evidence was prq,uded for the partuc:pataon of
hydrOperoxlde isomerase - (Imamura‘and Sh[mnzu3 1974) . Zimmerman and
Vick (1970) demonstrated that chlorophyll is b]eaChed;bnly in the &
presence of linoieic acid lipoxidase and hydroperoxide isomerase,
However, Imamura and Shimizu (1974) failed to obSefve any evidence for
the participation of hydropergxide isomerase, |

" The amount of free fatty acids in plant leaves is usually small,
but.the First stage might be their liberation from dipids by iipases,
thus providing the substrate for lipoxidase. For example, linoleic
acid will be formed fr0m mono- and dl-qalactOSyldlglycercdes by galacto—
'lupases The actnvuty of these enzymes is low in spinach Ieaves |
(Sastry and Kates, 1964). Because of this, little substrate will be
- available for the Iipgxidase, therefore the formafion of hydroperoxide
for'degradation of chlorophyll will be blocked. o

Giv) Hydrolytic detachment of the phytol grbup catalyzed by

chlorophyllase

The questlon whether chlorophyllase is an enzyme in the
pathway of chlorophyll bnosynthe5|s or degradation of both is
another topic that is pertinent to the mechanism of chlorobhy]l
degradation. There is evidence in support of both synthetnc (Boyer,

1965; Chiba, 1967 Hines-and Ellsworth, 1969; Holden, 1961: Shimizu and
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Tamake, 1962; Stobart and Thomas, 1968; Sudyina, 1963) and degradative
(Looney ahd Patterson, 1967; Peterson and McKinney, 1938; Rhodes and
Wolltorton, 1967; Ziegler and Schander!l, 1969; Slvtsev et al., 1973)
roles for chlérophyllase. Even 50, two forms of the enzymes, chloro-
-phyllases, were believed to be in the leaves. Recently, Ellsworth
(1971, 1972a) reportedvthat the chlorophyllase‘from wheet seedlings
catalyzed hydrolysis of pheophytin a, transphytylatiop of methyl
pheophorbide a to pheophytih a and phytflat}on of pheophorbide'a to
pheophytin a. He f0und that these actnvntles were affected dlfferently
by changing the reaction conditions such as acetone concantratnon,
buffer concentratlon, pH and temperature. From these findings, he
suggested the possible involvement of more than one eniyme. Further
results, presented in his subsequent paper (Ellsworth 1972b) on gel

filtration and acetone fractlonatlon of “the enzyme, provnded additional

evidence to support his postulation. Similar results were also obfainﬁ

ed from sugar-beet leaves (Bacon and Holden, 1970), tea leaves (Ogura,
1969, 1972), Ailanthus altissima (Tree-of-~Heaven) leaves‘(McFeefers et
al.,.1971), endive and spinach leaves (Terpstra and WelJman 1972) and
ChZoreZZa protothecondes (1chinose and Sasa, 1973). L rﬂwf‘fh .
The chlorophylliase of\sugar-beet leaves wa;;characterized and
pa}tly purified by gel filtration and ¢ IO; exchange chromatography on’
various types ‘of Sephadex (Bacon and Holden 1970) . lndlcatlons of
more than one form of the enzyme may be explained by its tendency to 't
associate or aggregate wuth itself or with other substances:  The
enzyme is' strongly adsorbed to hegatively charged materials;'which may

explain its improved extractability when the sodium chloride)

concentration of the medium is increased.
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Solubfe and insoluble chlorophyllase:v;erc isolated from tea

- i
leaves by Ogura (1969, 1972). Soluble chlorophyllase was partially
purified by procedures including ammonium sulfate fractionation
(preparation I). The insoluble fractidn was extracted, by solubilizing
it with sodium deoxycholate. This initial insoluble enzyme was also
partially purified (preparation Il). Specific activities (mg chloro-
phyll a hydrolyzed per hour per mg protein, 7:2 for preparadjjon | and
12.4 for preparation I1), were much higher than those reported for
enzyme préparations from other.plant material. The soluble enzyme was
more resistant to PCMB (p-chloromercuribenzoate), lfpase and heat
treatment than the insoluszyme. The? two enzymes differed in

optimum temperature and'optimum acetone concentration needed for the

reaction, but showed the same optimum pH, and same K, value (7 uM).

" These results suggest that, in spite of differences in locati

®

extractability, activities of the soluble and inso e (solubilized)

chlorophyllase in tea leaves are attributable “to the same enzyme.
. : ’ ,"/" . :

Chlorophyllase from A7 lanthus aZtiss%ma leaves has been

'pu}ified 63-fold by a combination of heat treatment, ultracentrifugation,
gel filtration and chrdmatography on d}ethylaminoethyl cellulose. ~ The
enzyme was found to have a pH optimum on pheophytin a of 4.5. ~ The
chlorophyll a and b, pheophytin a and b, and‘pyropheOphytin'a were
vhydrolyzed by the enzyme‘while pro;och]orophyll a and k-vinyl proto- .
chlorophyll a were not hydroiyzed but were competitive inhibitors of

the enzyme. They also claimed that 'the enzyme did not appear to contain

an essential sulfhydryl group since sodium tetrathionate and PCMB did'

N

G

not{affect its éctivity.

. ’ )
‘Chlorophyllase was extracted from green cells of ChZoreZ}a‘FL

-
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protothecotdes by n-butanol treatment and purified 600-fold (lIchinose
and Sasa,.|973), as measured by enzyma’activity'in chloraphy!l a
hydrolysis, by a@monfum sulfate precipitat}on,'chromatography on a
TEAE*ce}lulégc column and gel filtration with SephadeQ G-200. At each
)
purification step thevfollowing activities were compared: hydrolyses
of chIoEophyll'a and methyl chlorophyllide a», methanoVysis of chloro-
phyll a and transphytylation of methyl chlorophyllide a to chlorophy!l
The ratio of activities of éh]orophyl] a hydrolysis to chlorophyll a
methanolysis changed on purification and partial inactivetion by heat,
PCMB and bh?gol, as well as by varying the reaction temperature, thus
sudgésting tgat the two reaction§ are not catalyzed by a single ;nzyme.

‘Results of kinetic studies also indicated that the chlorophyllase of

Chlorella protothecoides consists of at teast two enzyhes.' One enzyme

catatyres chlorophyll a hydrolysis and the—etier"THRIGTOENYTY

methanolysis and the reverse reaction, transphytylation of methyl

f

chlorophyliide a.

Spinach, leaves contain a ''Spinach Protein Factor' (S$PF) which

increases light sensitivity of colloidal chlorophy!ls in agueous
't
: 3
solution (Terpstra, 1967). SPF activity, measured in different

fractions of spinach-leaf acetone-powder e;tracts obtained by gel
filtration on DEAE- and CM-Sephadex, runs parallel with chlorophyllase

activity., The same positive correlation is generally observed in

-

: ' . . ©w ; .
aqueous extracts of certain small particles itsolated from spinach-leaf

homogenates. It is suggested that SPF is a chlorophyllase (Terpstra

. “
and Weijman, 13972).. Spinach, then, may contain two kinds of chloro-

phyllase, a very active one which shows both chlofophyllase and SPF
- Uv

activity, and a less active one, showing only chlorophyllase activity.
2 .
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Only the latter form occurs in endive,

(v) Chlorophyllase and degradation of-chloroephyll during

storaqe

Degradation of chlefophyll during the storage of plant tissues
is stiii‘a completely unsolved problem despite the fact.that loss of
chloropHYII is' commonly used as a measure of senescence. Hoyt (1966)
subjected chopped ryegrass (Lolium perenne) to a number of different
treatments and measured chlorophyll loss. Conditions of high humidity
and normal temperatures resulted in rapid chiorophyii degradation.
Freezing, boiling, dessication and waterloggiﬁg all stopped chlorophyll
loss. Cooling slowed the degradation, but it returned to normal after
rewarming. These.data are consistent with an enzymatic mechanism of
degradation. There is some preliminary evidence that ¢ ..orophyllase
does not catalyze the initial step og chlorophyll degradation in cur

D

ryegrass (Chichester and McFeeters, 1971). It is not possible to say

@thaf chlorophyllase is not involved in chlorophyll degradation because

,‘;,\‘

<

it may catalyze removal of phytol group at a later step in the degrad-
ative pathway. The first step in the degradation requires the presence
aof ox?gen, but lt is not kR@Wn whether oxygen is direcfiy involved in
the reaction or whether it is needed indirectly for maintenance of the

dégradative system (Chichestep and Mcfeeters, 1971). Holden (1972)

reported that bieachlng of chlorophyii is clearly linked with the

ilﬂegradatnon of protein and probably also of ilplds of chiorop]ast

membrames.. Spe further mentioned that when photosynthesis is inhibited
fully, ‘the chloroplasts became non-functional and catabol-ic reactions

associated with senescence began, leading ultimately to death.
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D. Present Investigation

The importance of maintaining green color in green fruits and
vegetables and in the leaves of other plants need not be over eﬁphésized.
If the green color of some fruits ‘and vegetables is lost the products
become unacceptable to the consumers’and thus results in an economic
loss to the growers:- Similérly, if the green leaves of .a plant begin to
lose their color, the plant will soon bg unable to photosynthesize and
die eventually.

This p%ocess of degreening is a ;ohmon phenomenon ‘in both
detached and attached plant tissues, ¢.g. leaves, but the inducing
factor(s) and underlying mechanism(s) are stilf unclear. Ethylene
was implicated:with senescence’and concomitant yellowing of potato
leaves by Denny and Miller (1935). Since then, various other workers
have outéined a similar effect of ethylene on other plant species and
it is now widely ;cceptea that gthylene is a causative agent\for
triggering senescence and yéllbwiﬁg in plants;

I'n ;ddition to thé phenomenon of matural senescence and
yelloQing of -plant tissues, unnecessary exposure to abnormal- amounts
of ethylene often brings abdut a premature senescence, yéljowing and

ultimate death of~p1ant tissues. This is an aspect of air pollution

‘where higher thah acceptable amounts of ethylene in the air can cause

damage to plapts. .

How does eéby]ene bring about this change in color, from green

v

lto yellow? One looks at the chloroplasts and the chlorophylls which

impart green color to the plant tissues and organs; for the answer.

‘Although there is a considerable amount of information

~

L
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encompassing the physiological and blochemlcal aspects of senescence
(Varner 1961 ; Wagermannw 1965; Woolhouse, 1967 ; Wareing and Phillips,
1970; Sacher, 1973), yet at the ultrastructhral level the qata.are
sttll reletively sparse and scattered. Ikeda and Veda (1964) studied
the changes in the structure of chloroplasts of detached EFlodea dersa l
(pondered) leaves. They found that as the leaves yellowed, the grana
and stroma thylakoids became lndlsttnguishab]e and the osmiophific
globules increased in size and number. Shaw and Manocha (]965) observed
similar breakdown of chloroplast membranes in senescing ktdney bean
and wheat leaves. They fouhd that in senescing bean leaves the first -
sign of change was a localized swell{ng of the chloroplast thylakoids-.
This was followed by an increasing loss of thylakoids, diseppearance of
the stroma, and, again a marked lncrease‘ln the osmlophllie globules,
but the outer envelope still remained intact.

what triggers this degeneratlon of chloroplast ultrastructure?
In the present |nvest|gat|0n, the effects of ethylene on the ultra-
structures of chloroplasts in detached spinach leaves have been
etudied to evaluate the role eF ethylene.in chloroplast degenetation.

Because chloroplast ultrastructural integrity is very important
for maintaining the physioldgical tunctions of chloroplasts, the
effects of ethylene on the CO, assnmllatlon by the detached spinach
leaves as well as on the Hill reaction by chloroplasts have also been
studied to evaluate the extent of ethylene effect on the photosynthetlc
actlvnty As the loss of chlorophyl] and degeneratuon of the chloro-
~plast ultrastructure proceed more or less simultaneously, attempts

were made to characterize the degradation products of chlorophyli as

wel[ as to study the effect of ethylene on the enzyme, chlorophyllase,
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.whlch has been suggested as a possuble enzyme responsible for catalyzanq
greakdown of chlorophyll Also, the changes in the soluble protein
content of detached spinach leéves was inQestigated to find out the
nature of relationship that exist between senescence and protein
metabolism, Finally, the effects of so-called ethylene -antagonist,

namely CO; and some other anti-senescent agents, were studled in an

. . | .
attempt to find a possible means to prevent the degreening of green

plant tissues,



MATERIALS AND METHODS

A. Materials

1. Chemicals and supplies

Routine chemicals of reagent grade (meeting ACS specification;)
were bought from Canadian Laborafory*Supplfés, Fisher Scientific |
Company and Mallinérodt Canada Ltd. The other specific cnemicals,
2-(N;mofpholind)-ethané—sulfonic acid (MES), N-2-hydroxyethylpiperazine-
N' é -ethane- su]fonlc acid (HEPES), N-tris(h;droxymethyl)methylgiycine
(TRICINE), Nicotinamide adenine dinucleotide phosphate (NADP), |
kinetin, N-6-benzyladenine (NBA)V bovine serum albumin (BSA), Ch1orah-
phemcolr and cyclohexumnde were obtained from Sigma Chemncal Company
Osmium tetroxlde and other chemicals used for electron mucroscoplc
studies wgre‘purnhqsed from Ladd Research lnduspries;llnc;

2. Plant materials and growth conditfons

"'%.

i
A

(1) Chlorella'pgrenoidosa L. : ,
' Chlorelln was cultured in a nutrient medium adapted from

Gorham {1972). The chemlcal composition of the medium was as fow
NaNO3, 2000 uM; KH,PO,, 100 uM; NazHPou 2H20, 100 uM; Mgclz 6H20, 200
;uM, MgS0, *7H20, 200 uM; CaClz-2H,0, 200 WM; FeCl;-6H,0, 4 uM; Na,EDTA.
2H,0, 20 yM. One ml of a micnonutrient solution whianconsistéd of

the following chemica]ﬁ was added to tne above mixture:. H3BOy, 40 mM; ,
MnCr;, 7 mM; ZnCl,, 3.2 mM; CoClz, 0.08 mM; CuSOy, 0.008 mM. " Sterile
con&itlons were acnieved by autoclaving the'growth mgdia ang‘gassing

system at 1,05 kg/cm? pres$ure for 20 minutes and transfering the Chlorella

in a flow bench (Edgegard Hood with horizontal laminar flow, the Baker

28
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/

Company, Inc.).

Carbon dioxide in air stream (0.03%)'at a flow rate of 200 ml
per minute was contlnuously bubbled through the medlum [200 ml inmone
Iltre flask (Bellco)], in whuch Chlorella was grown. The qther
conditions for ChZoﬁeZZa growth were as follows: light.infehsity,
300 ft candles; temperature, 26°C;. pH bf the medium, 6.7; and a

continpous shéking with §0 5trokes per minuﬁe.

(ii) Lemna minor, L. (duckweed)

The Lerma was grown in 50 ml of nutrient solution in a 250 ml
' wide moutH Erlenemeyeb flask under sterilb condltions. The natrient
solution contained MgSO,, 2 mM; Ca(NOs)z, 7 mM; KNO3, 5 mM; KH,PO,,
2. mM; FeNaEDTA, 38 uM: H3BO3, Lé uM; MnClz, 9.2 uM CuSO0,, 3 2 uM;

ZnSOu, 1. 8 HUM; NaMoOy, 4.1 pM; CoClz, 3 uM and 2-3 crystals of KlI

per lltre of solution. (Wong and.Dennis, 1973). The pH of the medium

was 6.0. The medium was sterilized in the same manner as that fqr the 7

\ 4
Chlorella. 'Usually, one plant consisting of three to four fronds was .

[N - . .
transferred to the grgowth medium in a flow bench and the cultures were

7
\plugged with a de-oiled cotton and grown in a growth cabinet at 26°C
and under continuous illumination at 800 ft candles.

/ . .
(iii) Spinacia oleracea, L. (spinach) _ . ;

Splnach (cv King of Denﬁark) @as grown ln a growth .chamber
under a light intensity of 4400 ft candle (1.13 x'l()‘4 bétts/ CmZ/ )
wfbb'a cdmbinétion of fluorescent and incandegtenf
lamps. The spgctra'of fluorescent abd incandescent llght are bhqwn in
Fig. 2 and Fig. b4, respectively. .The relative humidity inside the
chémber was 75%. The photéperléd for growth was twelve hours.r The

temperature ¥or growth was 20°C. Some spinacb plants for this study
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were also obtalned from the University of Alberta Farm and some were

f

'

.purchased from the City Market..
4The fifth leaf from the apex of a. spinach plant grown in a

‘growth chamber was chosen for electron microscopic studies.

B. Methods for Chemical Determinations‘and Enzyme Assay |

1. Ethylene determination

(i) Collection of ethylene
The method described by Sarkar (1972) was used. A continuous

'

stream of air, freed of'ethylene by passing through mercuric perchlorate
.trap+ in ice, then dried by passing th;ough a Drierite trap** was
allowed to flow at the’ rate of 200 ml per minute into a jar contalnang
spinach leaves (totalling a weight as close as possible to 10 g) with
their petloles dipped into a beaker c0nta|n|ng 60 ml of water (or the |
solution of an assayed compound in orde{ to sweep out the gas mixture
'evolved from the spinach leaves. . .: i o
Immedlately prlor‘fo .the collectaon of ethylene, the glass
U-tube contalnang 1 g sullca gel was heated in a boiling ﬁ:ter bath for

about 30 minutes. Durlng‘this heating period, a stream of purified

pitrogen was passed continuously through the tube to remove all the

, *The ethylene trap was a 1.5 cm inner diameter glass U-tube packed with
"~ mercuric perchlorate adsorbed silica gel.' This packing was prepared
By mixing two parts (by weight) of - silica gel (98-200 mesh). with 1
part (by weight) of a solution of mercuric perchlorate. The solutlon
was made by dissolving 56.7 g of Hg(C104)2-3H20 iin 50 ml of water,
then adding 43 ml of 70% HC104, and flnally making up to 250 ml wnth
water.

*%This trap is a 1.5 cm inner diameter U-tube containing 98 mesh

Drierite.
T
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gases that were releééed from the silica gel (Knight, 1970). The tube
LT ¢
] - t .
was sealed with a short piece of ethylene-free white rubber tubing and
I

transferred to the collection system,

(ii) Estimation.of ethylene

Ethylene was estimated by gas chromatography (Varian Aerograph,

model 1700) using a 1.5 m x 0.3 cm outer diameter stéinless steel

column, packed with 60-80 mesh activated alumina (Phan, 1970). The gas
) - L i . |
1

frqm the g[ass U-tube was directly delivered into the column by means of an
auxiliéry carrier gas (N3) floﬁimeéhanism.‘ One end of the U-tube

was connected to the auxiliary carrier '&s flow system: (ba‘ck flush,
Fbpr:point valve) keeping the U-tube in dry ice-acgtone bath. - The

valve' was obened for, 30 seconds and ‘the U-tubé,Qas flﬁshed with nitrogén.
Affer 30 segonds';he valve wés closed and the gther end of the U-tube

was connecféd to nitroéen flow system; With the valve closed the '

U-tube was heated in a water bath at 50 * 1°C for 3 minut -s release

gases from the silica gel. The valve was then opened and . contents
A | v

of the U-tube were flushed onto the gas liquid chromatography column.

The temperature settings were as follows: column - 50°C, injection

i

port - 125°C, anq detector - 200°C. Lérrier.gqs flow rate Was 24 .m1/
minute./ The amount of ethylene in an unk?o@n sample Was.determined
A .

from the peak response in the chromatcgrah which waé compared to Fhat
of known amodéts of Standard ethylene in/nl. vThe'imstrumehtél error
was kept m}njmal‘by maintaining th? same conditions in all the runs.

Ethyiene in the sealgd jar containing spinach'leave; was
determined by injectfné the gaé sample dLrecfiY into, the column

through a septum, at the injection port, by means of a gas t?ghf

syringe. The concentration of ethylene was calculated by comparing to
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the standard ethylene in ppm.

2. DetermMation of chlorophylls ' -

The chlorophylls frow spinach leaves and /emna were extracted
‘by cold 80% acetone. For homogénizatio;, a Warfné blendor wa; u;éd for
spinach leave§ (high speed at 4°C for two minutes), ana a mortar and
pesfle in ice bath was used for Lemna. After the extraction'tge
chlorophyll content was determinedvspecttophotométricé{ly‘at'6b9 nm
~and 6§5 nm for chlorophylls a and b according to the formﬁiaL developed

by Vernon (1960). |

The chlorophylls and other pigments of spinach leaves were

extracted with 80% acetone, ethahbl-diethyl ether (3:1) and piethyi

ether by the method of Bacon and Holden (]970) and then sebarated by

column, and thin layer chromatography (see below). The combiﬁed ’
» ‘ ' N

extracts were evaporated almost to dryness in a flask evaporator in the

dark at 306C. The residue was resuspended in a known volume of chloro-
form. An aliquot was taken for chromatographic separation,
The extraction of chlorophylls from Chlorella was more difficult

t .
than from spinach leaves or Lemma.' Mortar and pestle, Vortex
homogenizer and sonicator were used to extract chlorophylls; none-of

14

these proved satisfactory. Even when Chlorella cells were frozen |
before homogenization, the extraction of Eh]orophylls with 80% acetone
was not complete: Finally, abSqute>methénol was used as reported by

Hess and Tolbert (1967). It gave a complete extraction of chlorophylls, °

One to ten mi]lil}térs of Chlorella suspension (depending on the stage of
, :

cu\ture) were centrifuged in a Beckman centrifuge, model JB 21, at

2,000 g and 0°C for five minutes. The supernatant léyer was discarded

and the tube was inyerted on an absorbent surface to eliminate excess

-
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1

water. After séveral'minutes,.the cells were resﬁspended in3 ml‘of
absoluie methanol and plaéed ina stoppered ceH;rifuge tube in the dark
fo} two hours to insure complete extraction of the pigments. Aftep
centrifugétion, the a@bsorbance of the green supernatant fraction was
‘measured and the c;ncenfration of chlorophyll -a and b calculated
(Mackinney, 1941).

3. Separation of pigments of spinach leaves by chromatographic

techniques
(i) Thin-layer chromatography (TLC)

Two different techniques were used for separation of chloro-
!

phylls and other pigments of spinach leaves.
; ‘

a. Micréscope\slide TLC

! For qualitative analysis and demonstration‘purposes:
separation on microscope slides (Rollins, 1963;‘Bacon 1965) is very
advantageous) because while the quantity of applied pigments is small,
the development %s rapid (80 seconds, Bacon, i965) and the préparation
~ of layers does not requirg a spreading device which is necessary for
normal standard work.

A microscope slide was dipped in 40% silica gel 76 (Canlab)
water solution and‘thén left overnight,  The air dried slidés céa;ed
with silica gel were placed in an oven for one hour at_llO?C and the
Slides were stored in a dessicator until used (Phén, personal
communication). The solvent system was 3% methanol in chloroform.

The separation was achieved within three minutes.

b. Reversed phase TLC

Egger (1962) first proposed the reversed-phase partition

: |
method, later modified by Jones et al., 1972 for JLC separation of
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i
chloroplast pigments to avoid the destruction of pigments when using
adsorption chromatography techniques involving inonganic thin layers,

Glass plates (5 x 20 cm) were coated with Kieselguhr G (250 u)

partiglly impreénated with peanut oil dissolved. in heptan? (142 peanut.
o0il). Freshly coated plates were found to be satiséactory if permitfed
to dry in air for sixteen hours or longér be?ore‘oil~imprégnation.

Aﬁter oil-impregnation., the p]étés were allowed to drain for one hour or
lohger. Plates were oven dried at 110°C for one hour to volatilize the
solvent and to activate the cpating.

The development was achieved with a mixture of methanol-acetone~
water (20:4:3) in the dark. The antioxidant, butylatéd hydroxytoluene
(BHT) in diethyl éther (150 mg per 100 ml) was added to a working
volume of the sample for spotting at a concentration. of 0.1%& bér ml to
brevent the okidation of piy ents. It was found necessary to prepare
; néQ b;tch gf antio;idant every month. The spots of different colors

could be seen distinctly when viewed under visible or ultraviolet light.

|
(ii) Sephadex LH20 gel column chromatography

The method described by Shimizu (1971) was used with a slight
modification of column size and solvght ﬁixtqre.' Sephadex LHZd gel
wa$ swollen in chloroform—métﬁanol (70:30) for twenty-four hours énd
poured inté a glass Sephadex coiumn (Pharmacia SR 25/b5, 25 x 45 CT)‘ .
to a height of about 20 cm. The suspension medium was feplaced with
chlo}oform-methandl (95:5) and finally witﬁ chloroform only, Vhen
the medium was completely réplaced with chloroform the color of the =
column changea from whife to semi-franslucent white and the heighf pf
the column bed ihcreased'to about 23 ecm. Two fﬁowfadaptors were used |
because the specific gravity of chloroform (1.47) was -greater than ;hat

-
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of Sephadex particles (sp. gr. = 1.3). A§cending chromatography mas
applied. Development with chloroform was cont inued untll the last two
bands moved up, a mixture of chloroform-methanol (70:30) had to be used
to elute them, lt has been reported that the particles,of Sephadex
LH20 show a specific affinlty towards compounds héving a -COOH group;
in chloroform (Pharmacla Handbook, 1966). The last two bands would be
chlorophyllides and pheophorbides havnng -COOH group. The eluted
fractlons of the chloroplast pigments from air control and ethylene-
treated samples were measured’ qualltqtivelytand quantitatively by
spectrophotometry.“The absorption spectrum 5? each fraction was
obtained from a Cary lS and Perkin—Elmer, model:202 rEcording speqtro-

photometers.

/
Ly, Chlorophyllase assay |

The method of chlorOphyllqse assay was adapted from Holden
(l96l)~and Bacon and. Holden (1970) with some modification. Buffer
(8 ml) used by them was found not sufficient to dlSSOlVe one gram of
acetone powder, | | ()"

(i) Preparation of crude enzyme

\
-pinach leaves were ground in a Waring blendor at hlgh speed

for'flve minutes with cold acetone (-20°C) to give a concentratlon of
80%. The 5uspen510n was filtered through a Whatman No. l_filter paper
on’a mllllpore funnel to prevent loss of precipated enzymes, The
residue was washeq.twice with cold ethanol- dlethyl ether (3:1) and
twice with diethyl ether for complete removal of pigments. The powder was
left at room temperature for two hours to ensure the escape of solvent

¢ A weughed sample of powder (up to 500 mg) was mjixed wuth 0 02 M

sodium citrate buffer (pH 7.0) containing 0. 4 M NaCl (24 ml per g

' -
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powder) and lefl at 4°C overnight. The extract was squeezed through a
layer of %lracloth (Calblochem) and the residue runsed several times
with 0.02 M sodium cntrate buffer (pH 7.3) and made t« 15 mi. The
preparation was centrifuged at 8000 rem at 4°C for ten minutes and the
pellet discarded, FOur m! of this clear crude extract was used for

chlorophyllase assay.

(ii) Determination of chlorophyllase activity

a. Substrate
Ranasasase o o N VNP Il

The substrate, chlorophylls were prepared by grinding spinach

leaves~in cold acetone (4 m] per g leaf), leaving the:extract at 4°C in

Iden, 1961). The solution contained about 20% of &ate( and 0.55 mg
per ml of chlorophyll\a and 9.26 mg per mi of chloropﬁyll.b as deter-
'mlnéd by the method ol Vernon (1960).

: -b.\lncubation

Four ml of duplicate samples of the enzyme extract were added

into two 20 ml screwed tubes which contained 4 ml each of chlorophyl]
solution, Thg mixture was shaken and left in ;he dark at 22 + 1°C for
30 Minutes. One tube was kept at‘~20 °C for determlnatlon of the total
chlorophylls and chlorophyllldes (1) (see below). To the other tube
was added about 2 ml of petroleum ether and 2 ml of 803 acetone. The
mixture was shaken brlefly but v:gorously The upper layer contained
chlorophyll (ether layer) and the bottom layer contalned chlorophyllide
(aqueous layer). The chlorophyllide layer was extracted with petroleum
‘ether three times to ensure complete ex.réction of chlqrophylls. The ©¢

petroleum ether extract (chlorophylls) was made to 25 ml and acetone

extract . (chlorophyllide) (11) to 10 m! (final concentration of acetone

¥,
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. was about 60%). The abgorbﬁhces‘were;measured to determine the - .
~amounts of chlorophyllides and chlorophylls.

¢. Chlorophyllase activity

o ) ,
Chlorophyllase activity was determined in two ways, (1) by

measuring thé decrease iﬁ?chlorophytl content and (2’nby_estimating
the conversion of chlorophylls to ch]qrophyjlides during incubation.
The chlorophyll content in thé petroleum ether extract‘after
separatfoh was determined,specffophotometricaily by the formulae
developed by Vernon (1960). The ch!orophyll content_ in buffer L
solution without the enzymes (or in‘boilaé enzyme solution) was‘also
measured as a’control after the usual separation. 'By comparing these
two results, the chiorophyllasg activity was cgﬁcu[atcd as the
decrease of the ch;orophy]l content in the tube containinétthe enzyhe

S

extract.

»

The second method for measurement of chlorobhy]iase’act?bity
was as follows: To the test tube (I) (above), 21 ml of. 100% céld
acetone was added and shaken wellu(the chliorophylls and EHIorophyIIides
onId go into the solution as#a homogenous mixture). The mixture was
centrifuged at 8000 rpm fof 10 minutes to remove precipitated proteins.
Ch1orobhyl|s and chlorophyl]fdes in the qypernqtant‘layer were deter-:
mined speétrophotometric;lly ét 660 nm according to the method of
Halden (1961) and Bacon and Holden (197Q) baged on the fact that ch]oro;
thIl»and\chlorophyllides have the same adsorption spectrum. The
’épercentage of conversuon of chlorophylls into chlorophyllides was deter-
mined by the absorbances (a) of separated chlorophyllides (I1), abpve,.
aqq the‘absorbances (b) of combined chlorophylls and chlofophy]lides

at 660 nm. The chliorophyllase activity, as percéntage of conversion
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of chlorophylls to chlorophyllides, was equal to (a) x 100 divided by
(b) x 2.5 (dilution factor).

5. Protein determination

Thg grdteins from spinach leaves we}e extracted according to
Kfyne (1974) . The proteins in this extract as well as in the crude.
enzyme (chlorophyllasé) extract were deterﬁined éccérding to Lowry et
al. (1951) . ™= -

Test tubes containing O, o.h,.'o’.8,‘1.._2 and 1.6 ml of the
standard solution (0.1% bovine serum albuﬁin) and suitable quéntitﬁes
of the samples (0.1-0.2 ml) were brought to 1.0 ml with 1.0 N NaOH
solution.

Five ml of Eépper:sdlfate—sodium potassium tartrate and Na,CQy
solutﬁon((SO ml of solution A (2% Na,CO;) and 1.0 ml solution B (1%
CuS0, solution miked with-an equal volume of a 2% sodium potassium

: Y '
tartrate solution, mixed immediately before use) were added to each
of the test tubes. Thé test tubes were shaken and then allowed to
stand for ten minutes at room temperature, Phenol (Folin-Ciocalteau)
reagent (0.5 ml 1.N) was then added to eachfof the test tubes with
instantaneous and vigorous ﬁfxing. The absorbances were read after
thirzy minutes and plotted against the protein conéentratibns. The

protefn concentration in the extract was then determined from this

standard curve.

C. Physiological Experiments

1. Ethylene treatment

‘i) Treatment of different plant species with IOO‘ppm ethylene

In the search for the most suitable material for further

P
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experiments, three types of plants weré'assayed, namely Chlorella
prenotdosa L., a'unicellui;r algae, Lema minor L., a small aquatit
plant, and spinach (Spinacea oleracea L.) leaves.

Ethylene, in compressed air, was chosen to treat spinach keaves,
Lerma and Chlorella cultures under continuous flow at the rates of
200 ml/min, SO ml/min and 200 ml/min regpectively. The difference in’
the rate floQ rate was imposed.by the different sizes of the containers
usedf o ‘

Spinach leaves with petioles were picked immediately before the'
_experiment from spinach (whole plants) that were purchased from the
Edmonton City Aarket (one day after harvest). The intact leaves were
wdshed wi?h tap water first and later with deionized double distilled
water and dried carefully with Kleenex tissues. The drying process was
necessary to prevent fungal growth during the treatment. Immediately
after.drying, féur or five leaves of different sizes (total Wenght approx-
imately ten grams) were placed in 60 ml deionized double distilled water
in a beaker whi;h‘was placed in a jar equipped with éir inlet and Qutlet
units, aﬁd left on the flow bench during”the duration of the treatment.

Compressed air (control) or ethylene in compressed air, both were free of

e W

CO0, by passing through a U-tube containing drierite and Lithasofb
(indicating grade of anhydrous lithium hydroxide) and then passed
continuously through the jar containing the samples. Other treatment

conditions were as follows: " light intensity, 50 ft candles; room

~ LR

temperature 22 * 1°C. For Chlorella and Lemma, the treatment
‘ _ i , .
conditions were similar to their growth conditions except that
‘ ] .

compressed air (control) or 100 p ethylene ba]anced with compressed

air was passed through the cultures. During treatment, in the case of
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Lerma, the flask was fitted with a'white rubber stopper equipped with
. /

an air inlet and air outlet, and these inlets and outlets were guarded

with de-oiled cotton. - ' : ; o,

(ii) Treatment of detached spinach leaves

As can be infer}ed from the Results (I.A.l.), detached spingch
leaves were selected for further studies because o% quick and
pronounced effect of ethylene on the degradation of éhlorophyll. Once
the material, i.c{bdetachéd spinach leaves, was chosen, the following

method of treatment had to be worked out.

a. Choice of ethylene concentration

Three concentrations of ethylene in air, namely 20, 50 and!
100 ppm were tried for optimal effiéiency.

/
b. Experimental procedures

For treatment, the leaves.from spfnach grown in growth chamber
or other sources where sﬁecffied, were as deséribed beforé (see Methods
c.1.(i)) placea ﬁn ; jar équipped with inlet and outlet units with their
petioles dipped into a beaker contafning 60 mlyof distilled water. For
the egperiments with éytokinins, inhibito;s.of protein synthésis, solu-
tions of these chemicals were placed in the beaker instead of water.

1 .

Compressed air or ethylene balanced wi;h compressed;air was passed contin-
. L ; , .

uously (unless indicated‘otherwise) through the jar containing the samp]e._~
Carboﬁ dioxide (in the air stream or.etbylene m xture) was reméved bY
passing through a U-tube containing drierite aéc Lithasérb. The_flow rate
of air streém w{th or without ethylene Qas 200 ml per minute. The other
conditions of the‘treatment were a light intensity of 50 ft candle (unless
otHerwi;e indicated) and a temperature of 22 * 1°C,

The.combined efféct oflcoz and‘ethyleng én thé’degradation of

- : X / . ‘ . ) "
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chlorophy!l was studied next. A similar set-up ges prepared with
‘spinach leaves, and differépt concentrations of €0, plus 50 ppm of
éthylene (balanced with compressed ‘air) were introduced into the jar
containiné,the sample (the concentrations of C0, were 80 pr, 1%, 5%,
10%, 25%, and 5Q2). The corresponding concentrations of CO, (balanced
with air), without the addigion of SO ppm ethylene, were used'és a

control.

2. Photosynthetic studies

(i) Measurement of respiration and photosynthesis by infra-

red gas analyzer

a. Eguigﬁenf

The €02 assimilation (photosynthesis) and evolution (respiration)
of spiﬁach leaves were measured witﬁ a Beckman Jnf}a-réd Gas Analyzer,
model 215 (IRGA). |

An open gas¥exchange system was used (geéték and Eatski,‘l97l)
fn which the' incoming air stream (containing 338 ppm C0;) was divided,
éne portion going'through the enclos;re containing a plant and the
other §oing directly to the anafyzer (Fig;‘Ba). The enélosure conSistég
of two: pieces of plexiglass to form a chamber (2.5 * 15 x 25 cm)'(Fig..\

L |
3b). Terostat type 7 gum (Teroson-Werke D6900, Heidelberg 1, P.0. Box \

1720°, West Germany) and screws were used to prevent leakége ffom the \\
chamber after the spinach leaf was placed -in the chamger. The betiole
stuck out and dipped in defonized‘dohble distilled water tb'prevent
wiltiﬁg durfng thé e*periment.

The sample.chamber of.the IRGA and other components of the
system for gas mixing was inter-conneéted by means of polyvinyl-chlori&e
tﬁbing (6 mm 1.D.). The air Stfeaml(or air cqhtainfng 50 ppm.ethylene)

b



Fig. 3.

An open gas exchange system for the measurement of net CO,

~

assimilation and respiration.

a. The gases mixing system

F : glass.wpo1 filter

X : needle valve for controlling gas flow

‘D ¢ Drierite fér removing moisture

L : Lithasorb to absorb C0, without-absorbing
ethylene : :

IRGAlp:-; Inffq-Red Gaé Analyser’ |

b. The enclosure. The enclosure consisted of two pieces of
piexiglass to form a chamber. Terostat type 7 gum and
screws were used to breyeat leakage from the chamber after
the §pinach leaf was placed in the chamber. The petiole
‘sticking out through an open}ng at the side of the chamber.
The enclosure also provided an inlet and an outlet for ghe

gassing system fo gas through as shown in Fig. 3a.



1350 ppm

COy @mmmm

25
(?/mm / ‘ -
L ——D] (X) ¥
Compressed ' ’ ml/min _1 IRGA
| A FEOBHFHO-fmm -
‘ 250 [ :
3 ml/min
s "HDH F KX )Hiq
Com:irressed I F] a R , | isﬁo
: 500 mi /miri nc.vosurev . ml/min.
(or 100ppm .

ethylene balanced :
in compressed air)

:  J
b.
THE ENCLOSURE -
) 0 )
o
o [« O
o 1,
o © o
25
SE .
e ——— 25¢cm

F R L R ikt bl SRR Sl 5 R S0 SRS SO At gt 3 20 <+ Vot

e e d B AN e NI I T wa e o b el R 4



| —
was thtrolleq by NUPRO needle valves.and Matheson flow méters (No. 601
and 602). Each flow chart‘of the flow meter was recalibrated with a
éoap bubble‘gés Flow m;tef'under'thé experimental conditions.

The IRGA was calibrated to deteét a gmall.coz differential
(31.7 pﬁm), with a reference base‘cqnsidgrably.ébove zero (about 300
ppm); To do this the re%erence and measuring cells of the IRGA were ;
flushed with two calibration gases wjth CO: conc;ﬁtrations at/or near
the limits of the desired differential. The calibration of standard
gases was done by Dr. J. Mayo,'Depértment of Botgny, Univefsity of
Alberta By the method of Bate et al. (1569).

Light for the,iilumination-;f the leaves was provided by a
;eflector spot incandescent lamp (Sylvania, 150 watts). .The ]ight
Intensity, as, measured with an illuminatihg meter'(Wéston Electrical
Instrument Co,, model.756), was 2500 ft éandles. The considerable
amoﬁntvbf heat produced by the incandes;ent lamp was absorbed by water
circulated through two culture bottles., The light quality for photo-

s?nthesis_was not affected by this arrangement. The spectrd of the

incandescent light (without and with water filters) are shown in Fig.
. IR H ' |

b,

b. Measurement of CO, assimilation and dark respiration of

spinach leaves

In IRGA the'measurement o% CO2 is based on a éoncéntratidn
differential between the refereﬁce and the sample cell. When the €O,
cpncentratidn in the set-up line of .a sample cell containing spinach
leave§ increased as alresult of respiration, the detector registered
an increase on ghe recordef chart. If the concentration in sémple

cell decreased because.of C0, assimilation, the detector registered a

s oA - a2
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decrease on the recorder chart.v The base line is obtained when both
reference and sample ceil contained the same concentration of CO, : 338
ppm, and from the diffe?ences between Sase line and the recorded

shifts one ob;ains the peréent décrease or increase in C0; concentra-
tion. By using the»con&érsion factor, as described below, thé amount

of €0, assimilation or evolution by spinach leaves was calculated., A

" typical trace from an experiment is shown below.

Dark ' Light (2500 ft candles)

N

- » I " Pso-PRs 0
[} R
. ’ /A IR}, : q

concentration as umoles is as follows:

Base line T
bl

Light (50 ft candles)

DR : Dark respiration
PR : Photorespiratidn
P : Photosynthesis

kY 1

When C0, concentration was calculated as pmoles CO0,, the flow

.rate had to be known and preéisely measured and controlled by needle

valve ahd.flow’meter. Tﬁe‘flow rate of SOO.mI/min was selected becausé
the flow rate must be large enouéh‘to maintain a certain COz'concentr;-
tion in the sample chamber, but the flow rate should not be too large
éitﬁer»for IRGA to measure.accurately. The calculation\of €02

i

~
Flow rate for the experiment = 500 ml/min or 30 .1/h

/ DR+PR50'P50 ‘ v ’ : ' -
. 2 P2soo~PR2soo

m
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Standard gases differential, 31.7 ppm = 15.4% on recorder ¢hart -

Conversion factor = 30 x 31.7 ul/56.53 Hl x 15.4 =
2.328 umoles C02/h
(1 umole €O, = 26.53 ul at Edmonton, 30 | of 31.7 ppm CO,
should contain 30 x 31.7 ul €O02)
Therefore, net (0, assimilation un&er 2500 ft candles

= (Pz500 - PR2sgo) x 2.328 pumoles C0,/h

R '

TReﬁG}i%,of C0; assimilation of spinach leaves were based on
N & *

chlorophyll weig@; and leaf area. Determination of chlorophyl!l was

-

'

outlined in a previous section. The measurement of leaf'érea was as
~ follows: a spinach leaf was gpread well on a white p;pef’and the
outline of the leaf was drawn.‘ This paper was then cut along the
odtljne and was passed through a Leaf Area Mefer (Harachi) where the
total leaf area was‘measured'automatically énd the dimensions were
‘ !

given in square decimeters.

(ii) Photosynthetic studies of isolated chloroplasts

~

a. lsolation of chloroplasts

Intact chloroplasts were prepared from spinach leaves purchased.
from the local market or ‘grown in the greénhouse or university farm.
The isolation method wés similar to that of Jensen and Bassham {1966

‘ except that sodium ascorbate was not added to the isolation medium.

The morphology of isolated cgloréplasts particularly the

relationship of intactness of the outer envelope and the €O, fixation

is believed to affect the efficiency of CO, fixation and 0, evolution.

-
j‘
-2

'

[y
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Therefore, differant me thods of homogenization, were tested to deter-
mine tgelr effect on the morphology éf the chloroplasts. A meat
grinder, a mortar and pest'le and a semi-micro vesselYWaring b)en;or
were trijed. A Waring blendor gave the least breakage of chloroplasts
and the lowest cpntamination as seen under ‘light microscope’(Leitz,
Germany). A homogenjzation time of five seconds was found to be
optim;l; longer periods caused con;iderably larger amounts of breakage
while shortef periods yielded insufficient amounts SF chlbroplastS.
Accordingly, the preparation method was as Follows; Aﬁbut 15 g of
]eave§ were washed, dried, chilled and the mid ribs were removed. The

leaves were then torn fﬁ%o small pieces by hand and subsequently placed

in"a semimicro homogen:zung vessel and a Waring blendor and

3

blended for five seconds at low speed in 25 ml of cold MES buffer [pH

6.1). The homogenate was filtered through eight layers of cheesecloth

‘and centrlfuged at 5000 rpm for 50 seconds. The pellet.was suspended

" in approximately 1.5 ml of HEPES buffer, pH 7.5, and kept at 0°C. for

further 02 evolution and COz fixation experiments.
The components of buffers used for isolation,‘SUSpension and

|
reaction were as follows:

Master buffer (A): NaNO; (2 mM), MnCl, (1 mM), MgCl, (I mM) ,

K2HPO, (0.5 mM), EDTA (2 mM), sorbito]
(o..33 M). ]
!solation (MES) buffer: A + MES (50 mM) + NaC! (20 mM), pH 6.1.
Suspension (HEPES) lbuffer: A + HEPES (50 mM) + NaCl (20 mM) ,
| PH 6.7. |
Reaction (TRICINE) buffer: A + TRICINE (50 mM) + Na,P,0,

(5 mM), pH 8:1.
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The isolated chloroplasts were also purtfied by zonal sucrose

grédient centrifugation by the method of Hamman (1973),

\

b. Measurement of oxygen evolution |

The’oxygen evolution of isolated chloroplasts from spinach
leaves was measured'at 20°C in oxyéen monitor (Yellow.Springs
Instrumént Co., Model 53) gquipped with a Clarke~type electrode
inserted into Lucite reaction vessel containing ‘the reaction mixture.
Prior to transfe? into the vessel, the reaction mixture was bubbled
with purified nitrogen to remove mo;t of the dissolved oxygen. When
the oxygen e;olutiOn experiment was done in an ethylene~air atmosphere, -
50 ppm of ethylene in nftrogen with a f&ow rate of 50 ml/min was
bubblgﬁithrough 100 ml reaction mixture (TRICiNE buffer) for BO minutes
at ZOgt. This was the time required for stabilizing the concqntrat?on
of ethylene ih the reactiQn:mixture KFig.,5). #

Usually, 0.4 ml of HEPES buffer suspension containing intact
chloroplasts was addéd to h.6sml of reaftioﬁ mixture. This total
reaction mixture contained 15 umoles of Na,C0; (CO, 5oufce) or 14
umqles of potassium ferricyanide as electron acceptor for measuring the
iHill reaction (0, evolution). THe lightvsource was 3 reflector spot
incandescent lamp (Sylvania) and the intensity was 2500 ft candles
(measured wigh a il]qminating metér; Weston?Electrical Instruhent Co.,
 model 756). It is important to note fhag the light quality for photo-
synthesis was not affected by passing through the waterljaékét of the

. oxygen monitor (see Fig. 4). A full scale deflection of the oxygen

monitor equalled a change in 02 concentration of 6,92 umoles.

~c¥§§§§é;mination of €0, fixation

The rate of CO, fixation was measured by incubation of the
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in TRICINE buffer at 20°C.

50 ppm ethylene in nitrogeg, with a flow ‘rate of 50 ml/min
was bubbled through IOO&P1 RICINE buffer at 20°C for
various lengths of time® An aliquot (20 ml) of each treated
buffer solution containing ethyleneywas fransferred to a .
gasing system. Ethylene was collected and measured by gas
chromatography.; oo ) g '

v
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chloroplasts with ﬁayCOQ in a reaction vessel of the oxygen monitor.
'ﬂﬁa‘faction mixtu;e for measurement of the C0; fixation usually
con;ained 15 umoles of Na,C0, containing appfbximately 10 uc of '“c.
The reaction was’ terminated by adding 20% trichlotoacetic acid (TCA
Weight/volumq). An aliquot of 0.2 ml reaction mixture ng addea to
a scintil]atign vial containing 6.2 ml of 20% %CA and theh warmed to

4 o ~
50°C for five minu&ps to decompose unreacted carbonate (ScHacter et al.,

1971) . Then, 15 ml of Aquasol fluor (a New England Nuclear Co. premixed

scintillaier) was added to each vial and the samples ‘counted in a

scintillation counter (Nuclear Chicago, mode! Unilﬁx 1. ®
(ii;i'ELéetron microscopic studies of spinach 'eﬁlié_,ﬂj of
their isolated chloroplasts el
a. 'Sbinéch leave '
Fresh spinach lea“ SI'Ceib width less than 1 mm) were flxedﬁf’?f .

in a mlxture of 3% g]utaraldehyde plus 3% formaldgbyde in 0 1M phosphate

\\ -
buffer (pH 7) overnight at 4°C. The specimens were then placed in

phosphate buffer at 22°C for four hours. Tissues wére theﬁ *:g5ed with
the phosphame buffer and then dehydrated wuth a graded ethanol series -

(50, 60, 75, 85, and 95% v/V‘eThano] in water), and thgnArinsed two times

- LN

. . - . \
with ‘propylene oxide. The tissues were then transferred to

1:1 (v/v) mixture of.propylene oxide and araldite for 24 hours prior
. : o :
to embedding in pure araldite. *Polymerizatign was performed at 60°C for ~
. . - . ,‘\/;4
© 36-48 hours. Sect:onnng was done on a Sorvall ultramicrotome provided

$with a glaég knlfe.l Silver and gold-&%ﬁk sections were picked up on

copper grids. (100 mesh:size) coatedQWith Formvar and stained with 0,2%
. 4 \
uranyl acetate for two hours, Fd1lowed by 0.2% Iead citrate for two
&
minutes. The fixed tissues were examined with a Phllllps, model 200

PR
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electron microscope (E.M.).

b. lsolated chloroplaste ; O

The pellet of isolated chloroplasts was fixed overnight at 4°C

in 3% glutaraldehyde in 0.1 M phosphate buffer, pH 7.0 and then centrifuged

at 3020 g for ten minutes. The fixed chluiuplasts were washed without
agitation three times, each For thirty minntes, in phosphate buffer
at Q°é'. Each washang step was followed by a centrifugation at .

4 ’ /& k\

Hﬁo: ‘ten mlﬁ#tes to recover chlorop*asts Then the samples were post-

’ﬁired wcth 2% OsOu in phosphate buffer for two hours at 4°C and washed

yhlth phosphate buffer three times at 4°C for a total time of one hour.

The samples were then dehydrated at 4°C wuth a series of ethanol-water

'}

';h solutlons (20, 40, 60, 80, and«952 (v/v)). Two hour intervals were

-

maintained between Stéées lnflltratlon of ‘the chloroplast into the
Spurr's resrn was done drop by drop overnight and the lmpregnated
Spurr's resin was allowed to harden for thlrty 5ix hours‘t 60%C.
The rest of the procedure sectioning, stalnlng and‘E.H. examination

3

was the same as for spinach leaves.



RESULTS

L .
A, Effects of Ethylenc on Chlorophyll Deqradatlon

l. Chlorophyll degradwtnon in dufferent plant%

ation in differ ts are shown in Table. ). Among-gge three plants
tested, the effect of ethylene on'éhlorophyll ngradatLQk Was highest in

detached spinach leaves (later méntiohed as spinach leaves), with only

The efrects of 100 Ppm ethylene in air on chlor‘t?:»ﬁ?g’ degrad-

_ .
45% of total chldrophylls compared. to that of the air control. The ra‘;o T
) : ‘ ' ' Y 5'§§{
~of Chl a/Chl b was not markedly affected by ethylehe. . - -

“ Ethylene-induced degreening of spinach leaves appeared as ah
initial yellowing of the leaf tip ;hich gradually'spread downwérd towa}ds
the petiole, Although yellowing of Lerma fronds was less«¥apid than‘(or \
spinaéﬁg it was more homogenous. It mus t be remembered that Legna ?ﬁonds
-are ‘small and whole jeaf.in contact with the culture medium: so that the
dissolved ethylene i; evenly dispersed. It might be of interest to note
.that the.roots which were hanging in norma] Eemna cultures, detached eas-

ily in ethylene treated samples :ﬂstqs may be related to the abcission of
~]eaVes and fruits induced by ethylene. 'EEhY}QQF*(IPi 20, 50, 100, and 250
ppm) did not have any effect;on°photosyéiﬁ¢sis, namgly‘Oz evolution and .;
€0, fixation of ChZoréZZa. Egh}4ene did not decrease in chlorophyli
.confent of Chlorella either. ‘However, ethylene did” increase “in respir-

©ation of CthreZZa.

. 2. Effects of ethylene on chlorophyll degradatlon in spinach leaves

(l) Ethylene productnon by spinach leaves.

'iSplnach leaves produced ethylene. Th?s was demonstrated both in

sealed jars and in continuous air stream operation. In continuous air

; 54
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TABLE 1. The effects on chlorophyll contents of exposure of different

Ejants to_a cont inuous flow of 100 ppm ethylene for six days

o

A p—

Chlorophy}k!l Content %

(mg/g dry wt) Ethylene treeted
Plants Air Ethylene Air treated
‘ treated treated. X100
Spinach leaf : - § : »
“Chl a 537 . 2.36
Chi b 3. sy ' :
Total Ghi 8.78 3.93 .5, lus
Chl a/Chl b .58 5o g Tl e,
‘ LR : Ly
. Lemna ‘ .? 2&1’3,'e e e
Chl a 10.24 ? 7.52. » x
Chl b 0 b9 3.42 R
Total Chl 15.14 10.94 72
Chl a/Chl b - « 2.09 *3.20
ChZoreZZa ‘ | : ) | , ' <
Chla « - 13.45 mé ' |
Chl b A 7.43 7.93
Total Chi . 20.88 22.19 106
Chl a/Chl b, - 1.8] 1.80

Chldrobhyll was extractedvand estimated as described under Materials

and Methods (B. 2). The data on this table are representative of
r;eve?el exper:meets and the variation ameng the experiments was less

than iSZ Qﬁ chlorophyl1l cOntent.

3



56,

flow (200 mi/min) 10 nl CoHu/g fresh wt/h ot ethylene was evolved within

the first 18 hours after which it declined to about 0.9 nl LoHy/g fresh

v

wt/h by the third day (Table 2). 'In sealed jacs as well, spinach leaves
produced large amounts of ethylene (Table 3). The leaves kept in éir

produced andAaccumulated relatively large amounts of ethylene until Day

e

. ‘ R
2, after which the level of ethylene in the jar remained more or less

constant. The CO, concentration in the "ajr" jar gradually increased up

to 1.18% at Day 4. The sp%nach Ieaves in the “ethylene” jars produced
/

\
approxumately the samé%?ﬁ%dﬁ?!of €Oz in-four days

' M

Another interesting ponnt in this experiMent is that spinach

leaves seem to take up ethylene. When 20 Ppm ethylene was introduced
. . . SRR ! ) (e
into te atmosphere of the sealed jar containing 10 g of spinach

Ieaves (it was termed as jar 2 in Table 3), only 2 ppm (10% of the

original ethylene concentration) was found‘after four days. . One
possible explanation for the disappearance of ethylene is that' it might

%A have been converted to ethane (Ghooprasert 1971) by the leaves
*Indeed, the amounts of ethane detected by gas chromatogrgPhy vncreased

with tlme However, lncreases in the amounts of ethane were much less

than the decreases in the amounts of ethylene.

(ii) Effects of different concentrations of ethylene on

chiorophyll degradation

 Concentrations of 20;.50 and 100 ppm of ethylene ip air were
%

e *used for the treatment of Spanach ]eaves The continuous:  flow

. ~proce1?£ebwas used The chlorophyll contents of the dlfferent samples

i expressed7’s percentages of air controls are shown in Fig. 6 The
effect of eth?ﬂene on chlorophyll degradatudh increased w?th.increasing
: W ’

BRI , |
ethylene concén;ﬁatfghs from 20 ppm to 100 ppm during the four days of

>
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TABLE 2. Production of ethylene from detached spinach leaves

5
. ‘ Ethylene evolved
Collection time .(h) ' " ‘ (n1/g/h)
0 - 0.0
s S 4.8 /
3.0 | 3:3
18 1.b
24 / > “ 1.4
48 1.6 .
72 . 0.9
Q ’/ ’

Ethylene was collected for 20 minutes at each of the above times.

4

Compressed 4ir for flushing %ethylene was previously treated by passing
through a trap made of mercir® perchlorate (see Matex;jgl‘s_'and Methods,
B. 1) to remove’ existing ethylene in compressed air. .

{

»



TABLE 3. Changes in ethylene 'and carbon dioxide concentration in

L4

"~ sealed jars containing ten grams of detached‘%pinach leaves

i
JJdar 1% '_ -~ Jar 2#%x
'fime (days) Ethylene {(ppm) €0, (%) Ethylene (ppm) o, (%)
‘Q /0 | 0 " .20.00 0 |
i o 0.25 0.36 8.78 0.36
2 0.6 0.66 .28 0.61
3 0.4k 0.78 . 3.38 0.67
. Sy » A \‘ . . . .
X ©0.52 1.18 2.02 1.39

e

ol

i . LR A T o
“Spinach leaves iqgiﬁiilseaﬂed fars were flushed with either compressed

N
air or 20 ppm ethylene in air for ‘one hour before the jars were sealed.

Compressed air was freed of ethylene and CO, by passing ;hroﬁgh a'trap
7 méde of mercuric perchlorate and through‘a trap made of Drierifé and
Lithasorb (see Materials and Methods B.l)! A stfeam of 26 ppm ethylene
ih air only passed through a trap of Drierite'and Lithasofb tq remove-
€0z.:
\

* Contained air without ethylene,

** Contained 20'§pm ethylene in air.



CHLOROPHYLL CONTENT AS PERCENTAGE OF CONTROLS |

T | | | I
80
70}-
60 A A 20 ppm CoHy
O0~—0 . 30ppm CoHy
. X=X 100 ppm CoHy
B )
50} . -
- -
1 — | 1 |
0 1 2 3 4
o LENGTH OF TREATMENT (days)
fig. 6. The effects of different concentraglons of ethylene on

the chlorophyll content of spinach leaves .

Spinach leaves from whole plants were purchased from
the Edmonton City Market, were treated in a continuous
flow and with a light intensity of 50 ft candles. The
results on this figure are representative of several
experiments and the variation among the experiments was
minimal.

©;
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treatment. In the gO ppm ethylene treatment, chlorophyll degradation
was most pronounccd during the fi;st déy. Althdugh thé chlorophy1&”
confeqt fell in the subsequent days this decr;ase was gradual. After
three days, there was no differe%ce in the chlo;;ph;ll content between

the samples treated with 50 ppm and 100 ppm ethylene. In view of these

data, the concentration of 50 ppm ethylene was! chosen for subsequent

1

treatment of spinach leaves.

(iiii) Effects of ethylene on the degradation of chlorophy!l]

under different 1ight intensities

Spinach leaves were tfeated for three days with 50 ppm ethylene

to détermine its effect on the chlorophyll content of spinach leaves

-

under different light intensities of 50,\500, 2500 and 5000 ft candles.
Figure 7 shows that the Righer the light intensity, the greater the
. * 1 .

chlorophyll decrease. The chlorophyll content (as , .rcentage of gir

control) of spinach leaves under an ilfumiﬁation of 5000 ft candles and
50 ppm ethylene in a continuous g;s flow is only 27% while thét of a |
similar sample in the dark.was 64%. - Light has been shown to have a
deleterious effect on chlorophyll (photsdestruction). Our data seemed

L
1t show that this effect is enhanced by the presence of aned ethylene,

-

or vice versa. As far as we know, this combined effect has not been

reported in the literature.

On the basis of these results, subsequemt experiments were

carried out under ''room'' leght (50 ft candles) without either extra

illumination or special darkening.

~

(iv) Effects of efhylene on soluble proteins and chlorophy]léée

activitx

Spinach leaves were treated with 50 ppm ethylene and then
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'CHLOROPHYLL CONTENT AS PERCENTAGE_OF' CONT
‘ ; 3 - ‘
I
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o

i
|

30 : X
20 -

I ¥ S 1 S
DARK 50 500 2500 5000
LIGHT INTENSITY (ft. candles)

O

Fig. 7. The effect of 50 pph ethylene on chlorophyl |
degradqgﬁon in detached spYnach leaves under
different light intensities in tontinqous gas flow

for three days,

L)
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soluble protein contents were determined up to Day Q. The results are
shown in Fig. 8. ‘The protein contents of ethylene-treated samples
increased considerably up to Day ! and ghén declinéd gradually. There
wés only a slight increqse‘in‘soluble protein conten; of air-treated
samples up to Day 1 after which it reméined.conStant: The results
represented were the average of three experiments,

DNA and RNA content were_also determined up to four days.
DNA content of ethylene-treated sémplesiwas higher at Hour 6, 12 and
Day 1 than air control:énd then decreased with time, The content of
RNA increased up to Day 3 eompared to air'control and then decneasé‘

It was found thét the chlorophyllqse activity of ethylene-

treated samples in a coﬁtinuous‘gaw llowijncTeased as camgared to
air qzstrols during the four days of treatment (Fig. 9%
activify df chlorophy!laiy, both in ethylene~ and air~treated.samples,
increased with time gntil Day 3 and then decreased. The interesting
Qgint’is that the increase }n éctiyity was foligwed by the decrease in
cﬁlorophy]] content 5? bothgfase; except on Day 47

In the case of Spinachlléa¢és tréa;ed with 20 ppm ethylene

LA .
in the sealed jars, the activity of chlorophylldse was slightly lower

than ghat of the air control after two days df treatment (Fi;. 10).
The chlqrophyllAcongent of bay 2 and Day 3 ethylene-treated saﬁglesvwas
slightdy higher than in the air controls. These different effects from
that in continuous gas flow coﬁld be because of €O, accumulat{On in_the
sealed jars, The effect of h}gh éthy]ehe concentration (100 ppm) and
“longer treétment (si*'daYs) on chlorophyll degradation of detached »
‘spinach leaves in sealed'jars was also studied. The reshlfs are shown
in TabI; 4, Ephylene effecé was reduced in the sealed-jars as compared’.
L P LN . “

S . » T - alrw . . .

~ s oy



NACH LEAVES

SOLUBLE PROTEIN CONTENT OF Spi

wt)

(mg protein/g fresh

63.

| \ | 1 T
40-& _ | - , 1
s 9

X/M___O . \O_ i ‘ ©
o | .
30 ~@L © SN °
20 o AR CONTROL ' . »‘ ~
|  x 50ppm ETHYLENE
i 4 I i ]
0 12 3 4
LENGTH OF TREATMENT (days)
fig. 8. The effects of 50 ppm ethylene on soluble protein

content of spinach leaves.

The results on this figure.were réepresentative of
several experiments and the variation among the
experiments: was minimal,

—
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" Fig. 9. . The effect of 50 ppm ethylene on chlorophylﬁawv activity and
ch]orophyll degradation in spinach leaves in con'inuous 9as
flow. '

Legend: o air control

x , ethylene

Broken Iine'-—;-—1Chlorthyll content
s L *
Solid line Chlorophyl lase activity

> .
The chlorophyllase activity was assayed as described under

Materials and Methods (B. 4). The results on this figure
were the average of duplicate eXperimenf; and the variation .

of the experiments was minimal.
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. s fffABLE 4, - Tl‘Xe eff"ect of lOOJ)pm ethylene on_the degradation of - "
g T4 yﬂ - . 8, ".' ¥
; o o _(_:]iorophyll of spfnach leaves beld in 1.7'1 sealed _jars' o
w‘ R "‘ ' [ *
1 ﬁpr 6 days
, 2 days
. f‘) /
. ' 8 v PR .
- . . ' Chlorophyll Content . : T
‘ ) (mg Chi/g dry wt) ' . .
r d . Alr 100 ppm . Chlorophyl]1 tontent as |
B Conth g Ethylene - percentage of air contro]
Ak ! - FYET ST ‘ ; .
&+ -'"\ < ‘ v 4 ; *
! RN o Y [ - 69
. Chl b, 7 .
3 ] G A / .
w  Total ¢hi - B
. L ot’: R - ' - ' / .
. . . . iy
fs{% Chl a/Chl b A‘; - - .
.r:’ “« ."

B . m——“- # R e — :
St TR K o
S i Chlorophyll was extracqed w:th 80% aﬁ%one and estlmated spectrophoto-&‘h

’ rlcaHy at 6’49 nm and 665 nm for ch]orophylls a 'ﬁnd R.according ¢
S“%g . "‘ ¢ Qj

. "L the formu]ae deveIOped by Vernon (1960) ?Ee results o@ns tabl‘e e ;
A Y T
- ' were the average of dqpl;cato&xpérlments and the- evartatlon of two'
_ . S S, ' T
L expernmehts was minimal . s T T o . ’
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: cyclohexlmlde at a concentration: oﬁ;lZ ug/ml co?pletely';revented

{the increase was much' lower than that in the,case of cycloheximide: ‘ N

) v _ 1! t9.
to that of samples in continuous ethylene flow (Tableg) ' , :,’ﬁ
) . ‘ ;o
As can be seen also in Fig. 11, the addltlon of 1. 22 €0, to ’
o ~e -( . ‘
%
_ alr containing 20 ppm ethylene (nn conmlnuous flow) reduced chloro-

phv-lase act|V|ty and sligh

. « B
> 1tach leaves compared to t

~x

‘;hylene alone,

ethylene—lnduced degradatlon of chlorophyli '

Co I'n order to find out if ethylene induced degradation of Shloro-
phyll was’ medlated by - de novo synthesis of’ protelns, the effects of .
rnhnbjtors of proteln synthesus, namely Cycthelelde and chloramphen—‘qiiw

5

|¢0} (D C-7- threo chloramphemcd’Q q the chlorophyll content of ” Rog¥( -

s&nnach leaves were sti%aed The results are recorded in Tj’la»S ‘ '

* N
., .

A t st

*chlo?opﬁyll degradatlon la the presence of ethylene Applchtlons of o ?t

<]

l50 ug aﬂﬁ 1.5 mg chloramphenlcol/ml resulted in an lncrease in chloro-;;

bhyll content as. COmpared to that wtthout chdoramphenutol However,

A.‘
| . i e~

1

This would‘suggest,that the degradative enzymes are synthesized’mal%ly

* T . . -

in the cytoplasm, because eycloheximide is kngwn to inhibit'protein syn-
* LR N . h- v X . » . ,
thesis occurring in the cYtoplasm. o '

Le ' < - & . [

‘ L IR .
" with lncreaS|ng concentratnone of DNP (10 5, 10 “,.and 10 °M). If the

B (vi) The effect of 2-# dlnltrophenol (BNP) on ethylene-induced ;
: y ' A .

-

; » -
< gggradatlon of chlorophyll ] 0 > -
o) Ty £ . 1 . - , ‘

The |nfluence of DNP on the protectlon of chlorophyll against )

50 ppm of ethy]ene treatment is shown |n Table b... It proved to haye ﬁiﬁ' ,“;

a3

1 - ce

protect:ve effect toward chlorophyll - However, thus ‘effect decreased B
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| - : | ¥
Fig. 11. The effects of 20 ppm ethylene and 1.2% €O, on chlorophyl]ase6
activity and chlorophyll degradation of spinach leaves in

I continuous gas flow.

. - . .
v Legend: o Ethylene (20 ppd) + 1.2% €O,
B : N
‘ ‘@ o x  Ethylene (20 ppm) in air (witheut CO,) 5
= X ‘ . . bo-
. Broken linex. ----~ Chlorophyl! content *
Solid line Chlorophyllase activity
] 3 ' ' : ' : . w
' The results in this figure were the average of duplicate '
% experiments and theWariat ionggf .two experiments was
Rl - Lot roL .
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.gﬂ LI . .h” ‘ .o . {
f A L AT Chlorophyll contept as
Treatments * s % of control
.uvv ) . ‘ ) A
A , o . :
Anr cohtrol ; , s SR = 100 w o
] . o e P ' g
50 ppm Ethylene A R T " y
PR - L % I y =
o e - .
50 ppm Ethylene + cyclohexumlde,/1 2 ugfhl e 67 "' g
1, it .
50 ppm gthwlena &*Cycl&hexumfde, 2 ug/ml T e m Lo
¥ . . \\:
;st ‘ppm Ethyledb + Chlonamphénncol 150 ug/m13v‘ ! 76 & s
~'50 ppm E(hylpne +” Chloramphenncol L.ﬁ*mglﬁlﬂ' } 79 *
e BRI a _ . - o s
e -"‘ . , 2
) o . ::\1..} L .

.Spingch was grown In’growth chamber for four weeks

TABLE 5. Effect~ of some_ inhibitors of protein s&nthesis on the

pro-ection of :ﬁlorophylrs of detached spinach leaves

-?§_ * against ethylene treatment for three days

Detached leaves

‘were placed |n ;he solution of cyclohe;ﬁaune or of cgﬂbramphenncol

e for three days

and treated with 50 ppm ethylengiat a light intensnty of 50 ft candles g

Ethyiene treatment was in-a contlnuous gas flow. The

v
n

'requts shown in this table are the average of duplicate experlments

.

and the variation among two experiments was minimal.

- . . 5
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TABLE 6.‘ The effects of 2,4-dinitrophenol on'the protection of

’.chlorophyll agalnst ethylene treatment for three days

i v !
s x A iy " v b
Chl con_t'ﬁt (mg chl/g Chl content as % of
acetone powder) ) air ?ontrol
“Air control : 20.64 » 100
. - . . ’ ['5.
DNP, 10 “n_t. 19.40 L 94 A
50 ppm ethylgﬂg’s;,,; ‘ | i3. 12 ‘ 64
DNP, 10”%H ; 20.32 98
CDNP, 107*M C o 18.82 91
| £y - S
o 1h.65 71 :
. f : .4 %I <y
. ’-
o ! { '




v

vvcontrol with DNP (lO “M) when . tested for chlorophyl1l content gave 94% a

74,

»

chlorophyll content of air control were taken: as lOO .50 ppm ethylene

treatment without the addi'tion of DNP reduced the chlorophyll content of -
splnach leaves to 6&2 and wuth the addltlon of lncreasnng concentratlon

of DNP, the chlorophyll contents were 98%, 91% and % respectlvely Air

compared to air control wnt DNP., Therefore, the chlorophyll contenﬂ ;
decreased slightly after the\addltlon of DNP. These results lndlcdte

that the‘crrtical lev;l of ATP produced’by the- mltochondrea‘mlght be'
. »
needed for protectlng the normal .structure of chloroplast and also to
w.

prevent the degradatlon of chlorophylls by Structural changes of chloro-
plasts Three inhibitors of chloroﬁhyll synthesis,'i.e., hemin, malonate

and maleate were adml?dstered7tovspinach leaves kept at an illumination

/ [
of 50 ft candles for three days. The results indicate that under these

- v

conditions, ethylene stimulated chlorophyll@synthesis

Cw

4

(Vll) The effect of ethylene bnf“G£ products of chlorophyll

degradatlon “

-+ Chlorophylls and other plgments of spinach leaves were analyzed

by thin layer chromatography( TLC) and Sephadex LH20. gel column

chromatography The results sh0w no qualutatlve dlfference between. the

”,

R

50 ppm ‘ethylene-treated samples and air controls (Figs 12, l3, 14). he
The only dlfference between the ethylene ~treated sample! and air

controls wheo the glgments were separated by LH20 gel column ‘chromato-

< e
graphy was in the posntlon of the green-yellow and orange bands above '
-
the green chlorophyl] band (), ln air controls, the green-yellow band‘
‘ >

came later whlle'this was reVersed in ethylene-treated samples, These
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vy

. Silica gel 76 TLC

™ Layer: 25D.u thickness of silica gel 7G
S Solvent: 3% MetBanol in chloroform.

75.

1
. \
10 — Solvent front
i ‘ - I
Orange
e Greéen - o .
- ’ )’eHOW - Blue greep
o .4 Green I
. \ L -
' ‘l Deep yellow AR
7 Orange Orange
) Green-
. - yellow ki =
~y Orange
J ! & Y ~ ??
- . ‘Y
" A Reversed ‘ B. Silica gel 7G C.Sephadex -
. phase TLC . TLC E "LH20 column ‘
! ' chromatography..
‘ -
Fig. 2. Diagrammatic represenggtinns qsuthinvlayer égd'Sephadek Lézo
’ gel column chromatographs fé%.sepaﬂation of. pigments from 50
RPM ethylene treated spinach leaves in continuolfs gas flow.
» *  Air controls were not qualitatively different. !
Legend:. A. Reversed phase TLC : e 1 !
\ . Layer: Kieselguhr G impregnated with peanut qil in
heptane (14%). i L
Solvent system: Methanol<acetone-water (20:4:3),
- g S

L3

|

C. Ascending column chromatography on a §éph’adexi}'LH20 ‘gel
-column, The column.was equilibrated and eluted with
chloreform except fraction V which was éluteld with 50%

* methanol in ‘chloroform.
1" (2) green yellow, orange.
11, orange.

o

{

11, green (Chl a + Chl b).
IV, deep yellow. V, '(2) pale green, green.

“v“'

e



- v’ l_"
The spectra of fractions | and ll‘separated'by Sephadex LH20
gel column chromatography of pigmehts‘éxtracted fro@;afr

control and 50 ppm ethylenejtreated sginach leaves.

\ t- . .
Pigment fractions were in chloroform solution during scanning

of the sppatra., . ' -

At

-
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Fig. 14, The spectra of fFactions I} and IV separated by Sephadex LH20

gel column chromatography for pigments extracted from air
' !

cantrol and 50 ppm ethylene treated spinach leaves.

" The spectra of the pigments fractions were recorded in

1
»

chloroform solution. o .

'
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”\J
two bands, which did not separate well, were eluted together to form

fraction I. The visible spectrum of the fraction measured was recorded
In Fig. 13. Spectra of the.other fractiorms of air- and ethyl;ne-
treated samples were not different as shown in Fig. I4. The pigment
contents of leaves treated with air or SOVppm ethylene in air are shown
in Table 7. The respective absorption maximum was selected for
measurement of abgorbance for each fraction. Total chlorophyl!l content
of ethylene-tre;ted sample was about 72% of that of the air control.
Carotenes and other carotenoids of ethylene-treated leave; were also

decreased compared to that of air-treated leaves.

B. Studies on the Protection of Chlorophyll against Etﬁylene

Action

1. Carbon dioxide

‘Figure 15 clearly reveals that }he effect of CO, is not directly
proportional to its concentration.  With 50 ppm ethylene ‘and withodf
Co,, the'chloropﬁyll content decreased in three .days to 60% of the
control kept in COz-free air. tThen, an addition of CO, ét a concentra-
tion as low as 0.009%, counteracted very efficiently the ethyienc—‘
induced chlorophyl! degradation. As we have not applied lower
concentrations, Qp.are not abie to extrapolate the threshold value at
which €0, would db«longer be effective. Then, surprisingi;, as the CO,
concentration increased, 'its ''protective' ef}ect decreased, and at 10%
it acted rather synergictically with ethylene; at this CO, concentration
the chlorophyll content sas minimal. With gradually higher |

concentrations, the chlorophyll degradation deckeased again. It should

be noted, however, that in high concentrations of C0;, the leaves
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TABLE 7. The effect of 50 ppm ethylene on pigments of spinach leaves

Fractions

VAir control
(0.D. reading)

Ethylene
(0.0. reading)

3
Fraction |

Fraction 11
(50 m1) chlorophylls

Fraction 111
(25 m1) carotenes

Fraction IV .
(25 m1) carotenoids

Fraction V
(10 m1) chlorophyllides,
pheophorbides

Ae76, = 0.494
Agso* = 0.-06
Aeus,, = C.562

A555*+ a |,007

Auue* = 0;660
Avs7, = 0.132

Acgo™ 6.015 (trace)

Agre

Agao

Agu s
Ages

Ayue

A?ug

Acso

7.

L4

0.375 !
0.546
0.386
0.698
0.531

0.092

0.012 (trace)

-

* Maxium absorption of fractions.

** The wavelengths used for chloro-.

phyll determination according to the formula of Vernon (1960). "

R ¥
Pigments from air- and ethylene-treated spinach leaves in a continuous

gas flow for three days were separated by Sephadex LH20 gel column

chromatography. The light intensity during treatment was 50 ft candles.



-~

ROLS

S o

AIR CONT

. 85 .
87T |

= |

& so- 13

[+~4

&

(7p]

< 0

Z a ~

& \

8T : ‘
o

;_:‘ 504 -
5

6 ] I 1
£ o 10, , 20 50
o’ ' CO, CONCENTRATION (%)

Fig. 15. The effect of C0, on protection of -chlorophyl! of ‘spinach

leaves against 50 ppm ethylene treatment.

o L]
50 ppm ethylene was applied throughout the experiment with a
continuous gas flow. The time of treatment was three days.

CO, concentrations: 0;009%, 1%, 5%, 10%, 25%, and 50%.
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' ene and 50 ppm ethylene with 10 ug klnetlnfml

. done again with. or wuth0ut 50 ppm ethylene. The effectlveness of

/

. 1 83,

underwent some wilting, which is an indication of {ome detrimental

effect of the gas on the physiology of the leaves.

2. Cztoklnlns

~Table 8 shows that the,effeé% of 50 ppm echylene on’ senescence,
in terms of chlorophyl| destruction, waa reduced by che addltlon of.
antisenescent agents such as kinetin and hv6-behzyl adenine (NBA). NBA
gave only a weak protective effect. Although higher chlorophy!1i contents
in spinach leaves werL found with the appllcatidn of bGih kinetin and
NBA than that with ethylene alone, the protectave effect decreased with
the hlphest ccncentratlon of cytokinins applied, Z.e. 100 ug/ml.  On the
contrary, kinetln at low concentrations proved to be'very elfective.
There was a significant dufference between the results Wlth 50 ppm ethyl-

In order to check whether or not the translocatlon of cytokinins
- .
enhanced the effectiveness of chlorophyll’ protectlon disks of spinach
leaves were placed on the,surface of cytoklnnns solutlons Assays were

protectuon of chlorophyll by cytoknnnns was only improved slightly as

shown in Table 9. A comparnson of the effects of chlorophyll content of
‘ . v .

spinach leaves and their disks treated with cytokinins are presented in

Table 10. It can be seen that the protectlve effect of cytokinin on

chlorophyll wnth leaf disks was somewhat hlgher than with whole leaves.

Ethylene productlon was not reduced by the addition of enther '

‘kinetin or NBA in the solution in which the detached whole spinach

»

leaves (about ten grams) were dipped The productlon of ethylene in the
presence of kinetin (2 ug/mi) and NBA (2 ug/ml) was higher almost at all

times during the experlments (except at the first twenty minutes
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TABLE 8. Effects of cytokinins on the chlorophyl] content of

detached spinach leaves treated with 50 ppm ethyléne

-in_alr for three days

-

~ Chlorophyll Content

In presence of In presence of
kinetin « . NBA
3air 2 CHy 3 air % CoHy
o — = -
Alr control 100 100
+ Cytokinins, 2 ug/ml o1 " 103
+ Cytokintns, 10 ug/ml 101 , 109
50 ppm Ethylene 70 100 78 100
+ Cytokinins, 1 u§/m . 79 n3 85 104
+ Cytokinins; 2 ug/ml 87 124, 82 102"
P . : : .
+ Cytokinjns, 10 ug/ml 105 150 84 103
! ‘ \
+

Cytokinins, 100 pg/ml 96 137 -8l - 102

.\i

Spinach leaves were from four weeks old plants grown in growth chambers,

Chlorophylls were extracted and estimated as described earlier under

. . N ‘o
- Materials and Methods (B. 2). Treatment with ethylene was a

‘contﬁnuous gas flow. Air control was arbitrarily called "100%".
. e .



™
TABLE 9 EfF!cts of cytokinin oh the chlorophyll content of Ieaf
, dIsks from ethylene-tréated splnach leaves o
! /
Chloropr;yll content
-~ ) L :
o - In presence of “In presence of
kinetin NBA
% air "% CoH, 't ajr g (lle..-']
Air Contro} 100 . -% 1100
Cytokinin (2 ug/ml) 103 .. 104 & ‘
50 ppm Ethylene 71 00 - 74 100
. ¢ . "' - g
Cytokinin (0.2 ug/ml) 72° ., 100 T L 00,
Cytokinin (2 ug/ml)- 93 g 130 * - 82. 110
[ : ; '
Cytokinin (20 ug/mi) 96, 135 82 110
. ° - !
. Spinach leaves were from four weeks old -plants 'gfawn in the growth "‘
chamber. The leaves weré'trea"ted‘wi:t‘.h'e;hylene\in 'B;STtinuous gas
flow for three days. Air control was arbitrarily‘l:all'ed '"100%'". ‘
., .
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described as zero hour in Table 11) thon thét'without the presence of
cytokinins (controls). .On Day 3, ethylene production by klnetin and
NBA treeted samples was three aqg’six times respectively that of the
control: The production of'ethyfehe by the disks of spinach leaves

was higher agter two, five, ei;hteen and twenty-four hours of kinetin
treatment whereas in NBA treated samples, ethylene productlon after
only two and three hours was higher ‘than that of the control Flnally,
it should be pointed out that the ethylene production by the disks was
always much higher than that of whole leaves.

C. Effects of Ethylene on the Photosynthetic Apparatus and Activity

1. Isolation ofichloroplast'from spinach leaves
in the presentnsfudy, chlorop}asfs isolated from spinach leaves

purchased from the local city market or grown in the UnlverSIty/green-
house or growth chamber during the winter months did not exhibit the
normal biochemical activity in ;erms of 0, evolution or ll‘COz fixation
upoh the addition of Na2C03 or NanC'“0, respectively. However,»toe Hill
reaction was operafivo»when ferricyanide was supplied as an exogenous
electron acceptor. The effect of ethylene on the Hill;reaction in
isolated chloroplasts will be reported later., The results of'COZ
fixatioﬁ to be pfesented here were obtained osing chloroplasts isolated
from the spinach leaves of plants grown on the University farm or

purchased from the city market during summer.

(i) Morphology of isolated'oﬁloroplasts

The differences in morphology of the chloroplasts arise from the
use of a meat grinder, mortar and pestle and semi-micro vessel Warlng

blendor. The preparation of spinach leaves and the conditions of ,
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isolation were similar in these three different homogeni%af@oc tech-

niques. The percentage breakage of chlqroplasts as apparentyﬁnder the

light microscope was for the meat grinder, 30%, mor&ar agﬁ p.Stle, 16%,

and Waring blendor, IOZ. However, the rate of D;\#&oﬁq(;én was
‘?‘I\),f - Noid A4

similar for all the three methods‘ps WIPV

':\‘:‘\“'{,KL
‘,mlcroscope, jlsztron mlcroscopy wa§§H§ed to de ine the integr4ty of

‘.\“

the membranes. Pictures of chl@roplaé%e usolated frgs Spinach grown in
the growth chamber are shown in Fig. l6. Although the thylakoid and
outer envelope membranes of isolated chloroplasts were intact, the
organization of the chloroplasts seemed to be altered slightly after
isolation by comparing the results obtained from spinach leaf specimens
(Fig. 17). The siarch granules as seen in Fig. l6a were different from
those in Fig. 16b. They could be forms of different stages. It is
infekesting to note tHe difference in staining of starch dranules.

Chloroplasts isolated from spinach grown in tﬁe growth chamber
were further purified by zonal sucrose gradient centrifugation. The
chloroplasts fraction corresponding to 40.5% of sucrose concentration
was collected. The density of chloroplasts was 1.1765 (D2°),

(ii) Studies on the Hill reaction

\L a._Oxyfen evolution by isolated chjoroplasts

The 0, evolution of chloroplasts isolated by three
different ways appeared to be similar when NaZCd3 was used as a carbon
dioxide source, as sHown in Table 12, 52 .
The stability of the process of 0, evolution by the.chloroplasts
isolated by the three methods was also studied. None of tHese evolved

0:- after five hours of storage in HEPES buffer at 0°C. The addition of



Fig.

A

Electron mlcrograph of Isolated chloroplasts from Fresh
spinach 1eaves grown in growth chamber

Isolated chloroplasts were fixed lnwylujaroldeh;de and
osmium tetrQOxide. These were subsequently stained with
urany; acetfte and lead citrate and examined In the electron
mlcroscope, Philip 200. The ultrastructure of isolated
chloroplasts considered to be normal except for a slight
altérat0on of organization of thylakoud membranes probably
because of the Preéparation of isolated chloroplasts for
electron microscopy study. Figures 16a and 16b probably

represent chloroplasts of different stagés because of

showing different response'of'electron reflection by the

?

starches,

St - starch granule

€

O
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Figr.17.

kD ‘ I .
Electron micrograph of .chloroplasts in spinach leafs )

Sptach wa_s—grown in growth chamber. A 5 cm leaf was prepared
v ! Iy .

for eléctron microscope examination according to the method

y ‘'

- . -~
mentioned in Materials and Methods (C.2.ii1.a, p. 52 )

i

! '

M- mitochondriﬁ\
CW - cell wall “ . - ~.. .
Th - thylakoids

0s - oimiophili'c globules S .

St - starch
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TABLE 12. Oxygen evolution by isolated chloroplasts

Oxygen evolution

Mode of leaf maceration (yimoles 0,/mg Chl/min)
Meat Grinder 0.883
Semimicro Waring Blendor Vessel » 0.888
Mortar and Pestle . B 0.919

0.

Spinach was bought from a local market ering the summer. The

chloroplasts were isolated in MES buffer and oxygen evolution was
studiéd in TRICINE buffer containing Na,C0O; a% a source of €Oy in
the oxygén monitor at 20°C and at a light intensity of 2500 ft candles.
Master buffer (A): NaNos (2 mM), MnCl, (1 mM), MgCl, (1 mM), K,PO,
. . (0.5-mM), EDTA (2 mM), Sorbitol (6.33 M) .
Isolation (HES)_buffér: A +.MES (0.05 M) + 0.02 M NaCl, pH 6.1,

Reaction (TRICINE) buffer: A + TRICINE (50 mm) + NayP,0, (5 mM), pH 8.1.



0.5 mM of NADP could restore the activity of 0, evolution to some

extent (Fig.'18);‘ Iﬁ the Tigure,lthe reaction mixture without NADP
showed ‘a lag period of three to four minutes depending on the length of
‘storage. of the chloropla s. But the reaction mi*ture with NADP did not
show any lag period. The 0, evolution increased immediately after
illumination. However, the rate of 0, evolution was reduced after

eight minutes with or without addition of NADP+.

"The results of the study on fhe 0> evolution by spinach chloro-
plasts as affected by the length of storage, up to five days, of spinach
plants at 4°C are shown in Table 13. .As expected, the activity decreased
with increasing storage time: When the leaves were transferred from
L°C to 0°C, without freezing, oxygen evolution increased over that at
bec.

The photosynthetic 0, evolution by ""ehloroplasts'' isolated from
spinach grown in the greenhouse, growth cﬁamber, or purchased from the
local city market during the‘winter months showed no 0, evolufion ét
all Qhen carbon dioxide (actually, NaZCQ3) was added, while the Hill
reaction in isolated chloroplasts proceeded veEy’well when ferricyanide
was added; The qdotation of 'chloroplast' is specially assigned to in
indicate’that the chloroplast may not be intact.

b. Effects of ethylene on the Hill reaction

The “chloroplasts" isolated from ethylene-treated spinach leaves
also carried out the Hill reaction only when ferricyanide was used as
an electron acceptor. There was no effect of ethylene (50 ppm) on 0,

evolution 'by isolated '‘chloroplasts'' from spinach leaves that had either

no or one day treatment with ethylene (Table 4 and Fig. 19). However,

}
i
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'18.

Oxygen evolution by Isolated chloroplasts
Legend: o Chloroplasts immediately after isolation.

A Chloroplasts in HEPES buffer at 0°C for s
hours with addition of 0.5 mM NADP* Just before
the light was turned on,

o Chloroplasts in HEPES buffer at 0°C for § hoﬁrs.

A\

x Chloroplasts in HEPES buffer at 0°C for 5 houré,

Master buffer (A): Na'NOs (2 mM), MnCI, (1 wM), Moc1, (1 mM),

K2POy (0.5 mM), EDTA (2 ﬁh), Sorbitol
(0.33 m). |
Isolation (MES) buffer:(B): A + MES (0.05 M) + 0.02 M NaCl,
| ; "pH 6,1, ’
Suspension (HEPES) buffer (C): A + HEPES (50 mM) + 0.02 M

NaCl, pH 6.7. ]

Reaction (TRICINE) buffer (D): A + TRICINE (50 mM§P+ Na,P,0,

(5 mM), pH 8.1.
The study of oxygen evolution by isolated chloroplasts was done
in oxygen monitor at 20° + ]°C with a light intensity of 2500 ft

candles and Na,C03 was added as a C0, source.
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TABLE 13. The photosynthetic 0, evolution by chloroplasts isolated

from spinach leaves: stored in plastic bags at 4°C

Oxygeﬁ evolution

{

Length of leaf storage : (umoles 0,/mg Chl/min)
“ Chloroplasts isolated on the day of harvest 1.325
. 3 days S 0‘09!0

3 days at 4°C, | day at 0°C

without frééz{hg‘ ; . 0.736

-

5 days - . | 0.135

The spinach leaves Qére obtained from the'Uhiversity Farh The

isolation of chloroplasts and the measurement of oxygen evoLutloA
were as descrlbed earlier under Materials and Methods (C 2. ii, p.48 ).
The chloroplasts were: isolated in MES buffer and 0xygen evolution
was studied in TRICINE buffer contalnlng NazC0; as a source of COz

in oxygen monltor at 20°C and at a l:ght intensity of 2500 ft candles.
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TABLE 14, . Effects of ethylene on Hlll reactlon of “ch}oroplasts”
. : A
i - . isolated from spinach leaves without previous ethylene

t
i

o ¥

. 3
treatment
——

- . . PRy

‘Oxygen evolution
(umoles 0,/mg’ hlorophyil/h)

SN

1\7? : ! ‘ ~ In presgnce of \ - In presence of
Experiments . . air - o ethylene
1 o ’ 113.8 (- 93.2
. . i
2 . 106.0 118.0
O o 122.5 | 109.2
h 159.5 160.2
Avérage 120.2 ‘ 125.5 ‘
Standhrd deviation . %1222 \ 147
"Splnach plants were grown in a growth, chamber “Chloroplast%“ were

isolated in MES buffer and oxygen evolution was studied in 'TRICINE
buffer contalnlng Na,C03 as a source of (O, in the oxygen monitor
at 20°C and at a light 7nten&ity of. 2500 ft candles. There was no
difference in Hill reaction of isolated ”Chldroplasts” }h the presence -
of air éqd ethylene. ''Chloroplasts' were isolated from spinach ieaveg

without previous ethylene treatment.
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the rate of/the Hill reaction of isolated chloroplasts from leaves
treated two or three days with 50 ppm ethylene was 60% of that from
alr-treated leaves (Flg l9)

The study of the Hill reacthqn ot isolated "chlompplasts' from
ethylene- and alr treated spinach leaves was repeated in the presence
of air and ethylene respectively, in order to find out if the effect of
ethylene could be-reverst. The effects of switching atmosphere during
the progress of Hill reactioh on the oxygen evolution was negligible.

- This would suggest that the effects of ethylene on the chloroplasts are

probably lrreverSIble

(ii7) Studies on the €0, fixation

a. Photosynthetic C0, fixation by isolated chloroplasts

The *co, fixation by chloroplasts isolated from spinach
grown at the University farm is shown in Fig. 20, In this study, -an
initial lag or |nductlon period (usually three to six minutes) was
constahtly observed before reachlng the maximum rate of 1"COZ fixation.

As expected, there was 1%¢co, fixa;ion even after the light was turned
J . '

of f.

With isolated chloroplasts from spinach leaves gronn in the
Unnversuty farm during summer, the photosynthetic T4co, fixation.result-
ed |n about 50% lncorporation‘of total Na2,C03 added. The results
are recorded in Table 15, The chloroplasts from spinach leaves washed
and stored at 0°C without freezing for one day had greatly enhanced
%o, flxation compared with the chloroplasts isolated from fresh
splnach During sommer, the spinach from the local city market had
high ll'(‘702 fixation'activity as Well, A maximum of 23% 1"C.incorpora-

tion was obtained between six to twelve minutes of exposure to light

/ ‘ :
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TABLE 15.  Photosynthetic €O, fixation by chloroplasts from spinach

grown in the University Farm

€O, fixatlon (% '*C incorporation)

By chloroplasts isolated By chloroplasts isolated
) from fresh spinach leaves from | day old spinach
(no previous chilling) leaves stored at 0°C
-
Light on
(min)
3.5 -~ 7.3
4.0 | 4.6 -
6.0 8.2 ) . 11.9
9.0 : 13.7 ' ==
10.0 : - " 26.2
15,0 / 17.2 ’ . 4s.2
Light OFf \
(min) v \
, .
3.0 17.4 --
4.0 a -- 49.2
6.0 7.8 49.9

e

The chloroplasts we}e incubated with Na,'“*C0s in a reaction vessel of
the oxygen monitor. The method is described under Materials and
Methods, €0, fixation was calculated as % of I“C jncorpqration‘into
chloroplasts compared to the total Nazl“cda added. The data are the
average of duplicate experiments with the results at a minimal

variation.
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lTable 15). By comparison, the chloroplasts isolated from splnach
leaves stored at 4°C for vafylng lengths of time from one day to one
week showed a decreasing CO, fixation activity (Table |6).' Chloroplasts
isolated from fresh leaves (leaves that were chilled to 4°C for two
hours before isolatéon) had three times more ;ctivity than those from

leaves stored at 4°C for one day.

2. Effect of ethylene on €0, fixation by detached spinach Ieéves

The net €02 assimilation under high Tight intensity (2500 ft
candles) by spinach leaves previously treated either with ethylene or
air (in presence of 50 ft candles light) was reduced by treatment with

.50 ppm ethylene (Fig. 21). On the basis of chlorophy!l contents, the
amounts of €0, fixed at Day 0, 1, 2, and 3 were 88, 79, 50, and 35%
of the air control respectively. In spinach leaves prevfously tfeated

«with air, the trend of €0, assimllation was simllar to the performance
of Hill reaction of isolated chloroplast (Fig. 19); a decrease in
activity during the first day, followed by a constant level for the
rest of the treatment. However, in ethylene?treated samples, the (O
fixation activity decrea;eq with time (Fig. 21).

i When results>of COz.absimilation were based epon leaf area, the
rates of net €02 taken up by,ethylene-treatad (50 ppm)‘samp]es were 83,—

67 32, and 14% of air controls after zero, one, two, and three days of

exposure respectively. When based on the chlorophyl] content, the CO,
assimilation was higher than when based on leaf area (Fig. 22) But the
trend remained the same with ‘higher C0O, ffxation in air-treated samples,

I't appears from the above results that the effect of ethylene on CO,

fixation was more extensive than the mere destructlon of chlorophylls.

In the presence of 50 Ppm ethylene, net CO, fixation by spinach
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TABLE 16, PhotoXyntheth €02 flxation* by chloroplasts isolated from
e

spinach leaves stored for variqus lengths of time

Length of Chloroplasts isolated Storage time
illumination from fresh spinach
(min) Teaves I day 2 days 5 days 1 week
. . . .- N
3 ® 1.0 0.9 0.2 0
4 - -- -- 0.2 --
6 6.8 2.0 0.5 0.4 0.2
9 ) T4, 3.0 0.8 -- 0.5
10 -- -x -- 0.9 --
12 22.5 6.5 - 1.4 -- 0.5
13 -- -~ -- 1.9 --
15 23.9 12.9 -- - 0.8

*C0, fixation was measured as % incorporation of
_radiocactivity of Na;'“C0; added.
The chloroplasts were incubated wi

Na,C03 with approximately 10 uc of !*

10, compared to total

th TRICINE buffer containing 15 umoles

C in a reaction vessel of the

oxygen monitor at 20°C and a light intensity of 2500 ft candles.

Spinach purchased from the local city market during the summer was

used and stored in a plastic bag at 4°C,
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treated spinach leaves at high light intensity (2500
ft candles). Both kinds of leaves were previously
treated at low light intensity of 50 ft candles.
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leaves under low light intensity (50 ft candles) was higher than for
air-treated leaves (Fig. 23). The spinach leaves were previously

treated with ethylene or alr under Jow light intnesity (50 ft candleg).
The C0, fixatlon by ethylene-treated samples decre;sed slightly initially
and then increased after one day of treatment, whereas in air-treated
lques, it decreased until Day 2 before increasing again. 'The.difference
between ethylene- and air-treated sampl;s were 2.7, 5.4, 17.6; and 15.5
umoles C0,/mg chlorophyll/h for Day 0, 1, 2, and 3 respectively The
effect of ethylene under Jow lught |nten5|ty was thus completely differ-
ent from the effect under hlgh light intensity (2500 ft candles) For
comparison of double reciprocal plot of light intensity and .nt €O,
assim?lation in the presence or abs%pce of ethylene (see Fig. 24) might
be explained by a lowering of the light saturation ‘point of ;pinach
leaves by ethylene,

The effect of ethylene (50 ppm) on the nef CO, fixation by Spinach
leaves prviously treated with 50 ppm e;hylene in the dark was also studie?
under high light intensity (2500 f¢ candles) (Fig. 25). Althougﬁ'the net i
C0: fixation by air-treatedvsamples was higher than that of ethylene-
treated samples, thé\?;fferentes between these values were not ag great

as those of spinach lebves treated #t 50 ft candles.

3. Effects of ethylene on dark fratibn of spinach leaves

Ethylene is generally believed to increase respira ‘or of-p]ant
tissues, Spinachlleaves are not exception. Therefore, as %SﬁfaCh leaves
were used in this study, it was necessary to Jook at ‘the effeé& oi ethy-
lene on the rate of respiration.(see Table 17). The values of the dark
respiratién of ethylene-treated samples, measured as (O, evolution, were
always higher than those‘of the air controls for all lengths of treatmégls

for about two to three times.
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treated spinachkleaves at.a light Intensity of 2500
' . ! %) .
ft candles. Both kinds of leaves were previously

itreated in the dark for various lengths of timqa



112,
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TABLE l7./ The effect of 50 ppm ethylene on the respiration*
! .

of detached spinach leaves

o

Alr'Cbntrol . - 50 ppm ethyiene
umoles €O, evolved/dm?*/h - moles COz[dmZVh
Time (days) - Expt. 1 "Expt, 2 Average  Expt, | Expt, 2\ Average
0 33 o 36 56 58 57
1 26 26 2 57 42 50,
2 10 22 16 59 30 hiy
3 28 20 ' 24 L8l 48 64 .

'*Respiratlon was mcanrgd by the IR €O, Analyzer,
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b, Effects of ethylene on the ultrastructure of chlordplasts

Two different light intensities were used in the ekperiment,
50 ft candles and 2500 ft candles.

The ultrastructure of chloroplasts was affected)by 50 ppm
ethylene, and waswmore‘pronouneed in the effect on chlnroplasts when
the spinach leaves were exposed to 2500 ft candles as shown In Flgs
26, 27, 28, and 29, than that exposed to 50 ft candles. J The untreated
samples when fixed immediately after detachment exhlbnted normal
granal and stromal thylakolds\and a large number of starch granules
were present; very few osmlophllnc bodues could be seen The osmio-,
philic bodles are believed to be degradatnve products of thylakoids
(Butler and Simons, 1971) These electron-dense bodies increased in
number and size with oncreasnng length of ethylene treatment. When
splnach leaves were treeted with 50 ppm‘ethylene under ZSOO'ft candlfs
for‘three days, the disorganization of the thylakdid membrane systems
Increased with time (Figs. 26, 27, 28, and 29). The symptoms of
swelling or discontinuity of thylakouds, dislocation of - grana and
SOmetlmes |nvag|nathgs of the inner membrane of the envelope were
observed. The osmiophilic bodles u5ually occurred wnthln the
dlsorganlzed thylakold area or at the end of the thylakonds These
bodles broke the continuity of membrane system Perhaps the
dlsc0ntlnued thylakoids massed together, resulting in the formatlon of
osmlophlllc bodies. ln spinach leaves treatéd with 50 ppm ethylene for
three days under a light |ntensnty of 2500 ft candles, the outer and
inner membranes of chloroplasts were dissolyed and osmjophilic bodies
and disorganized thylakoids became.su5pended in the cytoplasm. The |

disappearance of tonoplast during senescence of plant tlssues as
i



Fig. 26, Effecwof 50 ppm ethylene on ultrastructure of spinach leaves

. ' J .
at'}he light intensity oj~2500 ft candles for one day,

Th fﬁfth leaf'from thg‘apex ofveach spinach plant was chosen
v; for the tregtment and fix%d in glutéraldehyde ané osﬁium tét}o—

*ide and stained With urany]l acetafe and lead citrate. The
electrdn micrographs show that the chlbrop1asts of ethylene-
¢ﬂreated spfnach.leaves jbse their starch granules and

. _ thylakoids start to swell. « _ .
(J) fresh leaf (magnificatiOn, &_9,500)

1 (2) air-treated leaf (magriification, X 9,500)

(3) ethylene-treatéd leaf (magﬁification, X 16,250)
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Fig. 27.

Effect of 50 ppm ethylene on ulfrastructure of splinach

leaves at the light intensity of 2500 ft candles for two days.

Disconttinuity of thylakoid st®rt to show out in ‘the second
day of ethylene treatment with osmiophilic globules between
two grana. ‘

(1) air-treated leaf (magnification, X 21,014)

(2) ethylene-treated leaf (magnification, X 21,014
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Fig. 28."Effect of 50 ppm ethylene on ultrastructure ‘of sbinéch leaf
at the light intensity of 2500 ft candles for three days.
The membrane structure of grana from ethy}éne treatment Is
almost totally disrupted whereas air-treated samples still
mainétin ndfmal grana ;tructuré Osmlophnlic globules
increased ‘in number and size begause of increase in thylakoiq
degradation by ethylene treatment. In so%e cases, the outer
and jnner membranes of chloroplasts were dissolved (d) and
osmiophilic bodies and disorganized thylakoids become -
suspended in the t*toplasm (b, c). Deposit of globules in

.the cytoplaSm can only be seen in ethylene- treated samples
(a) air- treated leaf (magnnficatlon X 13,500) |
(b, , d) ethylene—treated Jeaf (magnification, X 21,250)

]

®
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Flg. 29. Effeétjgf 50 ppm ethyfene on ultrastructure of spinach leaf
at the.ilght intensity of 2500 Ff¢ candles for three day;,
high magnification of electron microgra?h (both are 62,720
times magnification),
a. air-treated leaf

b. ethylene-treated leaf
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mentioned by Butler and¥6imon (1971) was not seen in ethylene-treated
spinach leaves,

The samples that were treated with air were only slightly
affected. No ¢iscontinued thylakoids or dissolved chloroplast membranes
were observed. Only a few smaller osmiophilic bodies‘we}e detected even
after three days of exposure (Figs. 28 a and 29 a). The grana of the

chloroplasts showed only a slight swelling.

" Some starch granules were present in chloroplasts of three day
old air controls whereas In ethylene-treated samples, there were no \
starch granules even after one day of treatment.

When‘;he ethylene treatment was performed under low 1ight
intensity (50 ft candles), the ultrastructure of chloroplasts was not
markedly affected as compared to that of air controls or“éfter three

days of treatment. However, slight differences between air-treated

and ethylene-treated samples could be observed even after one day.

-
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A. Physiology of the Ethylene-enhanced Chlorophyll Degradation:

1. - Degree of organization and response to ethylene

Two interesting points have been evidenced in the results.

First, Lemma cultures were much less sensitive to ethylene than the

i

spinach leaves, Secondly, the unicellular alga Chlorella did not
apparently ‘respond to ethylene applicatéonw It thus appears that the
lower the degree of organization of a plant; the lower is its sensitivity
to ethylene. It should be pointed out - and this was the reasen that
Lemma and Chlorella had been tried - that the two species were intact
organisms which were maintained in culture during ethylene treatment
while the spinach leaves were'detached; On this fact must be the reason

for the difference of response of the Lemma plants and the spinach .

leaves: The Lerma, being intact and receiving its nutritional elements &‘
from the culture medium ih\a norhal way, seems to poeeess a higher

degree of resistance. This fact is related to Burg's finding (1964)

“that mange fruits which were still attached to the tree did not undergo

the ripening process inspjite of}the very high concentration of ethylene
presentvin its.internal atmosphere .while they ripened quickly upon .
detachment Burg suggested that an |nh|b|tor of rlpenlng was provnded
by the plant itself and also proved that the inhibitor was precisely
carbon dioxide. Whether these suggestions are" rlght or not, the fact
remains that intact plants or plant organs attached‘to plants are ]ess
affected by ethylene than detached organs Our data thus eorroberate

Burg s data.

- 123
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THe apparent insensitiveness of Chlorella to ethylene is more P

difficult to explain. Although for practical consideration,'further
studies of Chlorella were not done, especially on its ethylene production,
it is‘interestlng to point out that microorganisms generally produce
1 . .

muth more ethyiene than organisms with higher organization. From work

on Euglena, Newell (1971) observed that the rate of ethylene production

by Euglena }s as follows: 6,000 ul/kg/h_for closed heterotrophic
‘cultures; 160 ui/kg/h for.aerated heterotrophic cultures (condition
adopted for our Chlorella cultures) and 0.2 ul/kg/h for autotrophic cells.
Phan (1963) showed that when the‘ethylehe emission of pears was 83 ul/kg/

. 3

h, the concentration:of:ethylene in the internal atmosphere was\in the
range of 100 ppm. This means that all the concentratlons applled in

this thesis were lower than, or for the most part equal to, the endo-
denous level of ethyleﬁe Perhaps here lies a possible exp;anatlon fop

the non- effecttveness of ethylene on the ChZoreZZa cul tures,

™
2. Efficiency of diffefent ethylene concentrations on chld?Bphyll

degradation ; , 4 ,

The results (Fig. 6) have shown that the ethylene concentrations

of 50 and 100 ppm produced, at long terms; s:mllar effects, and that the
, concentratnon of 50 ppm was, therefore, adopted for subsequent studies.

Looknng at the results from a physiologica]vpoint’of view, it appears
that there is a threshold cohcentration§above which the amplitude of the
response does not increase. The discrepancies between the responses to
50 ppm'ahd 100 ppm during the'first three days could be explained by the
fact that the concentration of 100 ppm is markedly htgher than the |
endogenous level of ethylene and, therefore, can produce an immediate

effect. The concentration of 50 Ebm must be close to the initial
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endPgenoué level, and thergfore, was active only when this endogenous
level has somewhat decreaSed.v The same type of explanation can bé
applied ta the fluctuéting reSponses‘to the cancentration of 20 ppm.
In fact, this concentration must have béen for thé most part equal and

initially lower than the endogenous ethylene level.

3. Interaction_of light intensity and ethylene in chloropby%]

degradation : “

Result; from 'the presenthinvestigatfons clearly show that
the higher the light intensity, the greater was the detrimental effect
of ethylene on chlorophyll. To the author's knowlédge, this is a novel
finding. There were two linear re]atibﬁships when the’chlorophyll
contents were~plotteq against -a iogarithmic sgale of light {ntensity.
Chlorophyll degragation increased tremendously on changing the light
inten;ity from 500 ft candleg'td 5000 ft candles.:

¢

I . Photodestruction of chlorophyll is a well known fact. Generally,

ftvis thought to be an oxidation resulting on a protonated chlorophyll

radical which can then undergo ring opehing, giving rise to an opened

chain of tetrapyrréle and a.molecule of carbon monoxide (Crespi and

Katz, 1972). Ethylene is known to favor oxidative processes, either by
. I N ' c o
inducing oxidative enzymes or by acting as electron acceptor (Spencer,

1969) . b

ﬁheoretically,iwhen eth&]ene has. accepted two electrons, the
resultiné product would be ethane (Stahman et al., 1966). Consequently,
under thi} set of conditions, a stimulation of ethane produ§§§Onvwould be

-

expecfﬁd.- Although no special attention had been given to ethane, the ‘

—author did notice an increase on the area of .the ethape ""peak'' of gas

chromatograms of emanations from spinach leaves kept at 50 ft candles.
| . F
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. The possible biological importance 6f ethane has ﬂeen poinxed out by'

Lieberman (1962) who was the first to identify ethane among the ‘3
‘ ' I

"impurities' which were often included in the "ethylene'' peak when the
gas chromatographic anaGysis was done at high éemperaturé. Phan (1970).
“also found that ethylene was always accompanied b; three other gaseous |
compounds’, one of which’waé ethaﬁe, the relative p;oportion of which
varied with the age of the tissues and especially Ghoop?asert (i97!).
has démonstrated an increase of ?fhane production b; bean(cotyledon

.mitochondria under stress.

k. Interactions between CO, and ethylene

One of the Hhenomeﬁa generally admitted is that CO, acts as an

antagoniét to ethylene; Burg and Burg (1969) even classified it as a
{

competitive.inhibitor of ethylene. This id?a has been questioned by '
N - . ] i

. Phan (1971) who, using Burg's data, calculated that CO, mist be present

at a concentration of»af least 200 times that of ethylene to be able to

counteract ethylene action, Furthermore, when the ethylene concentration
!

is higher than a certain value, which varies with the tissue studied,

its action cannot be reversed by C0,. The iﬁtérrelatioﬁship between

ethyﬁene and C0; thus ;ppears to be more complex thén ;uggested by

preliminary experiments. . i |

The results obtained in this study with different concentrations

. of carbon dioxiae and 50 ppm of ethylene indicated that the degradation

of chlorophyll Qas.not directly prdportional to CQZ’;oncentrationE The
chlorOphyl) content of spinaéh le;VeS treated with SO,ppm ethylene

(without CO;) was aboﬁt 30% lower thaﬁ that of 50 ppm-ethYIene plus

0.009% COz-trea;ed samples. This.could be because of the stimulatory -

[

effect on the closufe of stomata by higher CO; concentrations. The
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response of stomata adjective closure or 6pening to higher or lower®

concentrations of"CO, ls.a'well

kno

fact (Scarth, l9321vFreudenberger,

1940; Heath, 19&0, 1950; lthorpe, l950 ‘Heath and Russel,

l95hl nn both illuminated as‘WETI as darkened leaves and in etlolated

heaves (un whuch chlorophyll codld not be detected by fluorescence
microscopy) as well as in .normal leaves. An increase in €02 concentra-

tion causes ‘stomata to close and a decrease causes it to open. In 1932,

Scarth suggested, and hIS suggestuon was later confurmed by other workers,

that the possibility of light- dark responses (llght stimulated stomata
opening and dark induced’ stomata closure) of stomata might be Entlfely
caused by photosynthetlc removal, and respuratory productlon, of ‘€O,

l
inside thé leaf. ‘A light intensity of SO ft candles, thCh is the

I

intensity used for most of the experlments In this thes:s, may not be

“high enough to have the CO; uptake exceed that evolved by respvratlon,

In fact, when CO; assnmllatlon by detached splnach leaves was studied,
the trace line on the recorder went up lndlcatlng a C0; evolution

l
higher than uptake. Furthermore,_ethylene stimulated respiration of '
spinach leaves (Table‘17, p. 112),_ Consequently, it can be inferred,
that the concentration of €0, in the |ntrd- and intercellular spaces

was in fact higher than 0.009%, whlch was the concentfation of CO;
_ . - : a .
applied exogenously during the treatment. |
The results obtained_nlth the CO2 concentration higher than 1%
ahOWed that there is a toxic effect in addition to the'effect of
ethylene. The mechanism of the combined effect of Co; and.ethylene on
the chlorophyll contents of apinach leaves is still unLnown. More work

needs to be done to understand how different CO, concentrations affect

intracellularva, ultrastructure ofichlqroplast and chloroplast



128.

|

i , ‘
‘physiology and metabolism, When co, concentration lncreases, there is

- ! [

2 greater tendency of the followung reaction to move to the rlght

C0z +'H20 v HeoT + ¥ i

CO> + H0 + HCoS + K ~—> 2H,C0,

H,CO, thenldisgociates to form d+ + HCOQ.‘ The pKa of thls reaction is
3.77, which is.quite low for a leaf cell, However in the leaf cell the
Situation mlght not be as snmple as a Slngle chemigal reaction. Cho
(1966) proposed that the pheophytlnlzatlon of chlorophyll a was more ¢
sensntlve to acid than chlorophyll b, probably because of the structural
, difference in the attachment at C3n'a greater positive charge on ‘the
nitrogen atoms of chlorophyll b makes them less sensitive to attack by
proton I f th:s Proposal is true, the ratio of Chj a/Chl b should
»decrease in COy- treated spinach leaves, However, this was not the case,

The ratio of Chi a/Chl b in both air-treated and ethylene~treated

68) to that in a continuous flow (IOWenvﬁoz) (Table 1, p. 55). o,
might also intervene by formlng a complex called “chlorophyll blcarbon-
ate' by Wlllstatter and Stoll (quoted by Rablnowutch 1945) . which could
be the first step in the conver510n of chlorophyll into phegbhytln
through the formation of MgC63 The concentration of 10% c0,- must have a
special biological s:gnlflcance as Malhotra and Spencer (l97h) have )
shown that the st:mulatnon of the activity of the 'membrane bound“ (but
‘not the "highty purified") Mg -dependent adenosine trtphosphatase
(ATPase) by ethylene (lOO ppm) and in the'presence of €0z was rapld from
12 to 5% €02 and then began to decline at 10% COz From the fact that
’only the “membrane bound“‘enzyme was affected, we could infer that in the

present lnvestlgatlon the degradation of chlorophyll implies a prior
]
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alteration of the thylakoid membranes. It is also possible that there
is a similar‘effeét of ethylene and €O, on chloroplast ATPase.

.The results relative to high concentrations (25-50%) of CO,

< .

" must be considered cautiously because of a number of factors. first,
. 1 .

high €O, concentrations,caUSe‘the wilting of leaves. According'to
Chichester and McFeiFers'(197l).the’déssicaffon,bf the leaves was one
of the ways to prot;ct_the chlorophyll in leaf/grops during storage.
Therefore, the wilting of spinach leaves eould protect chlorophyll
against degradation.. Second}y, high €O, ;oncéntratiohs may inducé~pH

changes, accumulation of intermediate metabolites of respiration and

of photosynthesis. Other metabolic alterations could also take place,

J

l

B. Biochemical Aspects of Chlorophyll Degradatioh as Affected by

Ethxlene

Although the work covered only chlorophyll degradatior the

i

géﬁeral problem of senescence also needs some consideration. For ,
Al . B

leaves, chlorophyll deStruction can be viewed as a component of senes-

‘cence. Furthermore, ethylene is known as a senescence promoting agent,

1. Effects of ethylene on the protein content of detached spinach

: j v
leaves % : . //j

In the present study, treatment with 50 ppm ethYlene resujted

. L
in an increase in the soluble proteins of spinach leaves during the first

day of treatment at 50 ft.candles and then a decrease after the second

day to a value lower than that of the fresh leaves (Day 0), whereas in

the air-treated leaves, the soluble proteins remained constant with only
a slight increase during the first six hours. These results indicated

that ethylene might stimulate the protein synthesis during the first

1
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day of treatment. This may have been a result of, increased synthesis
of catabolic enzymef, e.g. chlorophyllase, prdrease, cellulase, etc.
(Abeles, 1973), ‘Ethylehe has been shown not only to increase cellulase
synthesis, but also to regulate the movement of'eeilulase from the
cyroplasm to the cerl wall through the membrane (Abeles and Leather,
1971) .

Proteases are responsuble for the rapid decrease in protein
¢content of.senescent tissues, Several lnvestlgatorf have shown that
;Fraction 1 protein was the main protein component lost in senescing

tobacco (Dorner et al., 1957; Kawashima.et al. | 19673 b; Kawashlma and
Hitéke,‘|969) and perilla (Kannangara and WOoIhouse, 1968) and during
the senescence of detached barley leaves (Petersqn and Huffaker, 1975).
Because most of the totai soluble proteins lost in barley leaves was
accounted for by a decrease in ribulose 1,5-diphosphate carboxylase
protein, Peterson and Huffaker (1975) proposed that the chloroplast was
A
a major site of degradation in early senescence. They also found that
cycloheximide e;sentia]ly prevented the loss of:chlorophyl], ribulose
I,S-diphOSphate carboxylase'profein and its activity, and completely
Inhlblted the increase in proteolytic activity against azocasein.
Since chloramphenlcol had little effect on these changes it was
suggestep that the pro;eolytnc activity was deveIOped in the cytoplaemic
80 S ribosomes. Th{s was also founa in the present study. The protein
content of spinach leaves increased wfthin the firSt day and consequent-
ly ;ecrea;ed below the oriéina] (0 time) Tevel after one dey of
ethylenevtreatment Furthermore, three days after the appllcatuon of

cyclohex:mlde to splnach leaves, there was a complete protection of

chlorophyll against ethylene, whereas with chloramphenicol, there ‘was
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only a slight effect (Table 5). Thus it appears that the effects of
' ethylene on the degradation of chlorophyll ih spinach leaves is
mediated via protein synthesis (probably) in the cytoplasm.

2. ‘Effect of ethylene on chlorophyllase activity

Chlorobhyllasa activity increased during the bleaching of
spinach leaves treated with 50 ppm ethylene (Fig. 9). The actuvnty
was retarded by ‘the addition of |.2% CO; in the ethylene stream (Flg
1) oh by treatment in sealed jars where the accumulation of €O, .
occurred. In both cases, less chlorophyll was degraded. These results
indicate that there is a probable involvement of chlorophyllase in
the degradation of chlorophyll during ethylene treatment. This involve-
ment could be a direct stimulation of chlorophyllase action on dephyty-
lation of chlorophyll and subsequent disorganization of the chloroplast
or an indirect effect of ethylene on the degradation of chlorophyll as
an event during ethylene enhanced senescence of splnach leaves.

3. Effects of ethylené on Chl a/Chl b ratio and the degradation

products of chlorophyll

Becahse of the similarity in the ratio of Chl a/Chl b between
air- and ethylene-treated leaves, the effects of ethylehe‘on the
" degradation of chlorophylls a and b can be.censidered to be equal. Thls
would suggest that the mechanlsm of ethylene action was not medlated
through the removal of Hg beoause if Hg was reMovéd and chlorophylis
degraded, the ratio of chlorophyll a to b should be changed according to
Cho (1966) who proposed that in the pheephytinlzation of chlorobhyll
(removal of Hg++) by acid, chlorophyll a is more sensitive than chloro-
phyll b. -

The degradation of chlorophyll in vivo, as effectéd}by ethylene
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appears to proceed further than dephytylatlon or pheophytunnzatuon ae no
large derlved compounds, €.9. chlorophyllides, pheophytins-og pheOphor-
bides were obServed, This was also fqund iq senescent ]eaVeS'(S?thld, v

1943) and jnthe biodegradaton of‘ch]orophyll in a mIXOtrOphIC mutant

of Chlorella pyrenozdosa (Zlegler and Schanderl, 1969). ‘It has been

reported that the particles of Sephadex LH20 in chl;roform show a

specific afflnlty towards compounds havnng a -COOH group (Pharmacna

Handbook 1966) . Among the porphyrnn compounds that are commonly

observed In plant extracts, those that have a -COOH group are the

chlorophyllxdes and pheophorbndes These were not foundl(except in

.trace) in air- and ethylene-treated samples, fhis‘is an indication that

if chlorophyllase activity is increased upon ethylene treatment, the

‘actlon of ethylene does enhance also further degradation of the

‘products of chlorophyllase action. "' . !
I'f we now look at the degradation products, apart from a slight

qualitative difference in band 1 (af;er Sephadex LH20 gel chromato-

graphy) between these two sahples (ethylene-treated.samples exhibited

" maxima of absorption in.chlorg?orm at 682, 462 and 407 nm, whereas air-

treated samples had maxima at 676, 498'ahd 408 nm) only quantitative

differenCee could be detected between ajr- and ethylene-treated samples,

this means that ethylene enhances only the degradative processes rather

than new pigment bnosynthesns th:s.fnndlng corroborates what has already

‘been shown on other effects ef ethylene, in fruit physio]oéy for

instance, Biale -(1960) clearly demonstrated that ethylene, when o

applied exogeh0usly onry.acce]erates the onset of the climacteric rise

but does not alter.its overall chracteristics. Another interesting point

‘deserves to be pointed out, In ethylene-treated spinach leaves, not
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=7
only chlorophylls but all pigments namely, carotenes and the ther’

.

carotenoids also décreased. The symptom of .yellowing of ethylene-~

treated leaves thus appears to be a mere unmasking of the yellow color

-

by décreasing the green pigmentation rather than increasing the

I3

carotenoid content. As chlorophylls and carotenoids are essential:for
[ . . ~

normal granal structure and photosynthetic activity in green plants,

their lower contents would result in disorganized thylakoid membrane

structure and subsequent reduced photosynthetic activity.

4. Effects of Cytokinins a

a

In Tables 8 and 9; cytokinins appeared to act as antagonists
agafnSt ethylene on its effézts on chlorophyll degradatiom It is
intergstiné to-note that kinetin was more effective than N*6*b§nzyl*
adenine (NBA). /These coﬁpouhds are only different in N5~substifution,
oné contains furfuryl grfyp (kinetin), aqétherﬁfontaéns benzyl group
(NBA) . Kinetin i's probably more soluble than NBA. Some reports in the
lfteraturq‘havé stated that cytokﬁnins, includingvkinetin and NBA, are
not easilyv translocated. In order to check this possibili‘ty,.wof
Spinach leaves were placed on the surface of¢cytokinin solutions.

The effectisress of this procedure wa;'rafher slight (Table 8 é)'One
reason for this rather small improvemeht could be_becadse of the large
améunt‘of'ethylene préduced by the disks through the wounding effect.
Cytokinins usually cause a two; té four-fold increase in ethylene
production (Abeles, 1373). Plants showingwa positive response include
bean (Abeles etval., 1967), blueberries (Forsyth and Hall, 1968),
radish (Radinvand_Loomis, 1969) , sorghum (Owens et al., 1971) and pea
(Burg and Burg, 1968; Fuchs and Lieberman, 1968). The concentration

required for. a maximum effect was 10 "M, and threshold effects were

] . ‘
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seen at 10 ®°M (Fuchs and Lieberman, 1968). Ethylene production by ‘
spinach leaves treated with 9.3 x 10 °M (2 ug/ml) of kinetin was not as
high as by other plant species reported in the Iitere' e. In fact, when
the spinéch leaves were dipped in a kinetin solution and the ethylene
produced was immediately collected and measured, the production of
ethylene was first inhibited by 50% for leaf disks and 75% for whole
leaves. Only after one hour did the productlon of ethylene |ncrease
and thereafter it continued to increase up to day 3 and remained’ three
times higher than that of air contro)l. A similar trend was observed in
NBA-treated leaves. The stimulation of ethylene proéuction by cytokinins
may be explained on the basis that the endogenous Indole acetic acid
(lAA) is preserved by cytokinins (Lau and Yung, f97h} through the
suppression of increase of 1AA oxidase durlng senescence because ‘the
rate of ethylene production parrallels the internal free |AA level
‘(Abeles, 1972). Furthermore, Lau and Yaag (1973) provided evidence
indicating that cytckinins suppressed the conversion of 'IAA to I|AAsp
which was inactive in inducing efhyjene prdduction by lAA tracer Studies,

The 'protection' of chlorophyli against ethylene action might
;Se‘caused by the involvement of cytokinin§ in>the process of regenera-
tion of membranes-anezreorganization of thylakoid membranes-. Indeed,
cytokinin treatments initiated regeneration of membranes and reorgan-
ization of grana in chloroplasts of senescent tobacco leaves (SVestinF-
kova et al., 1966) and were necessary for the organization of stroma )
thylakoids into grana of the chloroplasts of growing‘fobacco callus cells
(Laetsch and Stetler, 1967). Some studies indicate that cytokinin _
affects: 1eaf senescence by slowing the breaénown of proteln (Kuraasha ¢

1968; Mizrahi et al., 1970; Shibaoka and Thimann, 1970; Skoog and |

.
¥
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Armstrong, 1970; Tavares, and Kende,” 1970) coupled with degradatipn of

ot

chlorophyll rather than by stimulating protein synthesis‘(Skoog and

—

Armstrong, 1970). .

C. Effects of Ethylene on :the Photosynthetic’ Apparatus and Activity

1. Effects of ethylene on chloroplast ultrastructure

As already pointed out in the Results section the most strlklng
effect of ethylene on the ultrastructure Qf the chloroplasts is the

rupture of the lntergranal lamellae. The grana are conéequently suspend-

~

ed in the stroma, and generally coalesce to form large stacks The.

micrograph of. chloroplasts of a Day 3 ethylene treated leaf shows that
l

the stacked thylako:ds are also swollen and eventually rupture. It can,

<
therefore, be inferred that the integral lamellae are cut first because

they/are more exposed than those enclosed in the thick structure of the

-grana, but that ethylene does affect all membranes in the same way.

The possible significance of the enhanced activity of chloro-

phyllase for the structure of the thylakoie has already been exposed.
The influence of light lntensity on the chlorophyll content ha; alse been
examlned. It should beﬁbointed out here that the marked structural
alteration rehonted occurred at high light intensity. At 50 ft c;ndles,
there was.little difherence as compared to the Structure of the chloro-

plasts extracted from leaves kept -in air. Cran and Possingham (1974)
4 ' : ‘
also found that disks from mature spinach leaves under high light

intensity exhibited los§7€?‘chloroplast structure within four days, whi'e
in darkness, much of the thylakoid system persisted for as long as seven

days.

Osmidphillic globules could be seen in chlbroplasts from both
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air- and ethylene-treated leaves. However, their number was much highe(

and the size of globules much larger in the ethylene-treated ones. |t

s generally agreed that osmnophllllc globules are mainly lipophillic in

natgre (alth0ugh compounds of other natures could give the same electron-
denSe‘image), and are derived from the degradatlon of thylakoid
memBranes. In this connection, it should be remembered that ethylene
hqi\? high affinity for lipids and is believed to attack preferentially
the Iipid components of bio-membranes. '

Jt is interesting to note that the staining of tﬁe'starch>
granules varied with the length of ethylene treatment. In untréated or
shortly treated chloroplasts, the starch granules‘appea#ed white on the
electron mfcrograpﬁs. Then their image darkened. In the 3-day treated

{
-
samples, only the shape of the starch granules remained. The interpreta-

3

tion for these changes is that és the chlorbplasts lose thelr actlvnty _

and respiration is enhanced (a well known effect of ethylene), ‘ehe

+ | _
starch is hydrolyzed and the darkened images of starch granules are

indicative of shorter chains of glucans, probably resulting from the

hydrolysis of the starch chains, and are finally used up, hence the

~

hollow spaces between lamellae.

2. Effects of ethylene on Hill reaction

Ethylene did not appear to have any effect on the Hill reaction

of ''‘chloroplasts" isolated from spinach leaves before, or after one day

of treatment with ethylene. Howevef,.after two days, in th . hylene-
treated samples,’ the grana of chloroplasis were fouﬁd to break down and
separate from each other. This might produce an effect on the phote-
s-stem I1. As expected, the activity of the Hill reactfon was decreased

after two days of "ethylene treatment.

-



[37.
From the above investlgation, the inhibition of the Hill |
reaction of “chlorOplasts”.lsolated from spinach leaves after two to
three days of treatment with 50 ppm ethylene could be explained on the
basis of the effect of e g€ne on chloroplast membrane systems, which
| in turn cogld induce the(T:::\of enzymes and electron carriers of

photosystem |1,

3. Carbon dioxide fixation by isolated chloroplasts

The chloroplasts |solated from spinach leaves obtalned from
plants grown in growth chambers or pUrchased from Edmonton City Market
during winter months were |nact|ve when €0, was supplied as Na2CO3

Therefore, the effect of _ethylene on ll’C(_)z fixation by isolated chloro-

Nal®C0; in an oxygen monitor, Thls might be because of a lack of
carbonlc anhydrase activity in the spinach grown in a growth chamber or

because of leakage of thlS enzyme during the |solat|on of chloroplasts
(Gibbs, 1966) . . The €0, fixation by isolated chloroplasts is also more '

sensitive to shocks than 02 evolution. Possible rupture of chloroplasts
during isolation could lead to a loss of the enzymes requ1red for, COZ
ftxatlon, such as rlbose 1,5-diphosphate carboxylase (RuDP carboxylase)
Graham and Reed (1971) reported that the carbonnc anhydrase might be

may be associated

.

more important in €0, transport. Flrstly, thIS enz

increasing -

‘the available free CO, at the active site or by |nc'ea5|ng the

afflnlty of RuDP carboxylase for CO,. Secondly, carbonic anhydrase - . __

o

may overcome the permeability barrler for C0; at the chloroplast membrane
thereby |ncreas:ng the rate o C02 transfer to ribulose dlphosphate

carboxylase in the chloroplast. Thirdly, carbonijc anhydrase by virtue of
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the reaction(s) it c;talyzes a) may rapidly make available the large
proton gradient through the thylakoid membrane, which gradient is
prbbably associated with'photophosphorylation; b) may be involved in a’
rapid buffering action regulation, for example, the proton gradient and
HCO; concentration and the phosphorylapive and ion exchange capacities
of the ehloroplests. The carbpnic anhydrase catalyzed the interconver-
sion of CO,{(which is the species fixed by ribu]oseJI,S-diphosphate
carboxylase) and HCO; or C0;_. The carbonic anhydrase could also be
important in regulafing tne'rateq of carboxyle}ipn and also in the

regulation of the Hill reaction and photophosphorylation, both of whiich

require or are stimulated by CO2 species on the acid side of their pH

optima. ' \

The other possibility:is- ehat spinach gronn }n the growth cnanber
or purchased from the Edmonton ?\ty Market (orngnnally grown in .
Callfornna) durung winter could’ conta:n chloroplasts in which the
envelope membrane of the “chloroplast“ might be more fragile or porous.
As a result, during the iso]ation, NADP could leak oué,’as it did in
isolated, chloroplasts from spinach leaves nhen plants were.grown at
the University of Alberta farm, aged at Oft for five hours (Fig.:18),
in which the activity of dz evolution coulg;be restored byifhe addition
of 0.5 mM NADP. This result indicated that perhaps the envelope membrane
of. |solated chlorop]asts was damaged during storage. In Jensen and
Bassham's report (1968) Herber and Santarius conc!.ded from thelr
studnes with non-aqueoue |solated chloroplasts that the chloroplast
membrane in vivo was impermeable to NADPH and NADP.. This suggests
that if the envelope membrane wae intact there shouid normally be no

”

leaking out of\NADP. o _ ‘ "'

.
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L. Effects of ethylene on the net €O, assimilation by spinach
: - &»

leaves I

The date on the effecf of net CO, assimilation by spinach -

{eadeslueder low (50 ft candles) and high (2500 ft candles) 1ight !

lntens#ties are quite interesting in that’they pfovide some. new insigh;

into the effect of etﬁylene The data presented in Flg 21 show thatv
1

under high light intensity, ethy;zne gradually inhibited the net COz

fixation. Although the rate of C0, fixation by air-treated sampjeée'
a]so_decreaseg within the first day and then kepf constant throughout
“the experiment, yet the rate after three days of exposure was alﬁost
three times that of-ethylene-treated samples. On the other hand, the
data in p"ig, 23 show that under low light intensity, ef'ter an initial
decline, the net CO, assimifetiOn of ethyleme-treated spunei) leaves
_increaeed steadily. However, the rate of Co, ass:mnlatuoﬂ after two
days was still lower than that under high light intensity (compared to
the results present in Fig.21 ). Also tHe rate of COZ fixation by air-

‘treated leaves was much lower under low light intensity than that under

‘highl]ight intensity.
|

‘A1l these observations taken together point to the fact thﬁt
. L

‘the leaves, after three days of exposure to ethylene, exhibit similat

rates of CO; Tlxatlon under elther low or hugh light lntenSIty ThiS\\
behavior probably is the result of" ethylene induced changes in the \\ :
N
chloroplast u]trastructure (see Figs. 26-29), Perhaps once the ultra- \\
' . I

structure was disrupted, the effect of{different'intensfties of light

on the C0, fixation was not evident. In-order to explain the increase

* i

in CO, fixation by ethylene-treatéd leaves under low light intensity,

one néeds to consider other probable phenomena where C0, 'may be evolved.
t

L . I
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It is to be expected that Plant tissues wodld evolve co, as a resultio
the so-called dark resplratlon and of photoresplratlon. As the author

_|s'not aware of any report indicating the effect of light on dark

reSpiration, it is logical to speculate tnat ethylene might Pave |
inhibited the photorespiration under the two light conditions. If we
assume that photdreSpiration wes reduced in ethylene-treated leaves,
then the net ameunts of]Cbz.fixed'underlow light' intensity must be
greater, despite the fact that ethylene caused chloroplast ultra-
structure‘dlsruptioni than that of air-treated ones.z On the 6ther
hand, under'hign light intensity the net CO, assnmllatlon by alt-
treated samples would be greater than that by ethylene ~treated samples
because of ethylene induced dlsrupthn of chloroplast ultrastructure.

Another explanation for such a differentiel effect of ethylene
on the net €0, assimilation at low and high light intensities could be
the ethylene-induced promotlon of llght saturation for. photosynthesns
by splnach leaves I't is obvious from Fig. 24 that the! light lntenSIty

. for half of maximum actnvnty of photosynthesns for ethylene treated
spinach leave§ was decreased by a factor of approximately 20 compared
to that of air-treated leaves. It means that the lidht saturation
pOlnt for photosynthesis of ethylene~treated spnnach leaves is about
twenty times lower than that of air-treated samples,-

The net COz assimilation at 2500 ft candles by spinach leaves
previously treated with 50 ppm ethylene in the dark was aftected lese
compared to those treated with the same concentration of ethylene but

i

in the presence of llght (50 ft candles) (Fig.25'). This might be

because of a lesser‘effect of ethylene-on chlorbplast structure in the

darkness than in the light (50 ft candles).
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The Hlll‘reaction at 2500 ft candles of chloroplasts isolatec

from splnach leaves previously treated wnth ethylene at 50 ft candles

for two days was |nh|b|ted by 40% compared to the alr treated sample
whereas the net CO, fixation at 2500 f¢t candles by ethylene ~treated

leaves samtlarly treated prev1ously with ethylene was inhibited by 60%
'compared to that by air- treated samples. This lack of an exact
correlation between the effects of: ethylene on €0, fixation and the Hill
reactlon could be explalned by the fact that ethylene might affect some |
other center besides photosystem I,
| Goldney and Van Steveninck (1972) reported that RuDP carboxy-‘
lase (ribulose diphosphate carboxylase EC 4.1.1.39) act:vrty was
relatlvely unaffected by exogenous ethylene (25 ppm) during ten dayé of
treatment of detached Nymphozdes indica leaves If this was also true

’

for detached splnach leaves, the ethylene could affect eltgzr photo-
system™| or photophoéphorylation or others. Furthermore, they also |
found that 25 ppm ethylene lnhlblted both maluc enzyme (L- malate :NADP

' oxndoreductase EC 1. 1.40) and 6-p-gluconate dehydrogenase (6-phospho¥U-
gluconate :NADP oxidOreductase EC l;l.l.hb) compared to air controle

é@e. ethylene inhibited.the decarBoxylatnon of malate and 6- -p-gluconate.
The inhibition of these decarboxylatlng enzymes should lead to an-
increase in the net €o, aSS|m|lat|on. However observations of decrease
in net COz assimilation of ethy{Eﬁe treated splnach leaves were made to
the contrary which should lndlcate that the effects of ethylene 0n
Nymphozdes indica and splnach leaves are different., -~ In frutts the
phenomenon of the cllmacterlc rise in resplratlon corresponds well with
the increase in €O, evolution whlch may result gﬁlnly from the decarbox-

ylation of malate (Rhodes et aZ., 1969). They reported that 300-500 '
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Ppm exogenous ethylene exerted a slight.effect en the level of decarboxy)-
, | v :
ative activity of malic enzyme. However, ethylene eliminated the lad
phase in the decarboxylatidn involved in rlpennng apples The system |
in rlpenlng apples may also be different from that in detached sﬁinach

leaves The net C0: assnmulatlon of ethylene treated spinach leaves was

IOWer than that of the air control
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CONCLUSION : |

It ha; been long known that ethylene enhances the degreening.
of plant tissues. Con§iderable research had been done towards the |
application of ethyhene fér tHé industrial purpose of fruit ripening.

‘ ‘ i
Fewer have been the researchers who did look into this phenomenon from
é physiological and biochemical point of view, especially as to its
conSpquence for the pho;osynthetic'ability of the treated tissues. This
| -

work was an aftempt to fill some parts of that gap.

[ N 1

The degreening, i.e.vthe disappearance of the green coloration
of plant tissues, 'seems to be the result of a number, if not a sequence,
of degradation steps. Eirst, ethylene has been found to enhance the j

activity of the enzyme chlorophyllase, the actiion of which is the

detachment of the porphyrin “heéd” from the phytol "tail' of the molecule

of chlorophyll. |If one accepts the schematic structure of chloroplastﬂ

!

membrane proposed by Anderson (1975a) this first step already causes a-
‘ B : " - ' -

disruption of the thylakoid membrane. This.point will be reexamined |

latér, ' The detachment of the porphyrin.part,‘named chlorophyllide,

would not yet cause the degréenihg because chlorophyllide has an

»

absorption spectrum quite similar to that of chlorophylly in fact,

- chlorophyllide is the chromatophore of chlorophyll. Furthermore, in the

!

analysis of the degﬁadation products, chlorophyliide Qés not fouhd and
pelther was pﬁgophytin nor pheophorbide, whigh rulesv6ut thé dggradatioﬁ
of porphyrin .ring as a primary step. Further degradation of the chloro-
phyllide must, therefore, take ﬁlace very'rapidly.. The biochemical

process of thiﬁ_degradatfon is indicated by the synergistic action of

143
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eiﬁylene ahd light. 1t must be an oxidation process simi]qr, ff not
fdenticaJ,‘to the photooxldationvreact!on, which}is at the same time the
first step of photosensitization of chlorophyll in the, photosynthetic | 7
seqyence'qnd the starting point for the rupture of the tetrapyrrole
ring. According to several workers, ‘especially Crespi and Katz (1972),
this reactién results in the formation of a )inear tetrapyrrole and
carbon monoxide. This aspect has not been e*plored in this work and
deserves further investigation. On the other hand, the discovery of
the possible interference of Iigﬁt on the ethylene effect is an
essential guide for subsequent inveStiéétions in this field. As co@blete
darkness is also harmful to chlorophyd| and chloroplast structuré;/an
adequate comprom{se must be found; we have adopted a low 1light intensity
(50 ft candles) in our experimentsl
; The increase in ch}orophyllase activity was found to ﬁorrelate
(init}a]ly with the increase in solubjevprotein content oﬁ.efhylene-
treated leaves. Both cycloheximide and chloramphenicol proved to be

efficient in inhibiting the ethylene-induced chlorophyll degradation,

however, only cycloheximide exerted a complete inhibition. This is

+,

b

indicative of the fact that the eﬁzymes responsible for thé degradation
of chlorophyll are synthesized de novo in the cytoplasm. |[|f this is
actually the cage, then these enzymes must be transported rapidly
throdgh the chloroplast double enve&ope into the stfoma. Here also,
ethylene must have an iﬁbortant role, agfit has 'been shown to decrease
the ''organization resisténé; of cells and tubular organelles' (Bain and
Mercef, 1964) . However, this~increase& transport through the chloro-

plast envelobe appears to be dissociated from the structural damage on

the envelope, as ruptured chloroplast envelope could only be seen affer

7

>
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three days of ethylene tréatment. Once the degradative enzymes have
Passed through the envelope, they must remain dissolved in the stroma
because the fir§t part of the cHlorophyll bearin§ system that are attack-
ed are the stroma'(Qr intergranal) lamellae,

I f we accept tHe idea of the primary hydrolysis of ester bond

between phytol and chlorophyllide in the thylakoid membrane structure

-through the:.wti:g of chlorOphyllaSe, then the results concernung the

13

fixéggjf . ,~.;f Indeed, ‘when the phofosyntheéic efficiency is
"1ll|gral chlorophyl] basis, the trend was sumu]ar to
that calculated)hh 3 leaf area basis. This means that not all the

pigments, the estimation ‘of which is based on their ébsorption values at

649 and 665 nm (Vernon, 1960), an: ~hich is commonly called ''chlorophyll'!,

are photosyntheficélly actiQe: The part that is active rép}esents the
intaét chloropﬁyll molecules which are structurally implanted in the
Jthy?akoid membrane up to the time of éxtraction, the other part
represented by products resulting from chlorophyllasevaction, i.e.
chlorophyflides, does increase the “ch]orophyTi“ weight bﬁt is not apt to
support photosynfhesis. In other words, . the degradation ‘of chlorophyll
| affects directly the integrity of the Iame{lar structure of the thylakoid
and consequently the photosynthetic viability-of the chloroplasts and
only indirectly the degreening process, which resu]ts from other enzymic
Oor non-enzymijc degradative reactions. |

Pefhaps it would be interesting to place the degradation of
chlorophyll in the larger context of‘agging and genescence, Chlbrophyfl

, , :
disappearance is .indeed a part of the senescence process in leaves.

Moreover, ethylene is known to be a senescing agent. Therefore, within

N
e o

£
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'the context of this work, the resulcs obtained are related to leaf
senescence. However it should be remembered that chlorophyll
degradation per .$e is not always correlated with senescence,

A last point which deserves speclal attention is the inter-
action between ethylene and C0,. The theoretical aspect of‘thie inter-
action has'elreed; been examined in the Discussion. From the practical
point of view, two ranées of -C0, concentration (very low or higher than
10%) are interes;ing'as fer as: chlorophyl| preservagion is concerned.

~In the very low concentration range, the ""protective'' effect of CO,
seems to be quite perrful. In fact most or the “controlled atmospheres'
contain l.no 5 bercent (% and it was indeed‘observed that chlorophyll
contents of plant tissues were higher in'‘controlled atmoepheres“ than
in air. Higher concentrations of C0; would hot be advisable becauseiof
the wultlng, and -also the risks of the onset of anaeroblc processes in
,the tissue,

This work is by no means exhaustive andlleaves some unexplained
pgints: (1) the exact role of €O, below, at and above the concentration
of lO% (2) the |nterrelat|on between ethylene and light, (3) whether or-
not ethylene causes a lowering of the llght saturation value fori

" photosynthetic CO; ass:mllatlon, (4) ethylene effect on purified chloro-
phyllase. Further ultrastructural investigations especially by means

of the freeze-etching technique should also be done in order to detect

fine alterations induced by ethylene.

\
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