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ABSTRACT

McCaig, Thomas Neil. Ph.D., The University of Manitoba, May, 1977.

CYANIDE-INSENSITIVE RESPIRATION IN ISOLATED WHEAT MITOCHONDRIA.

Major Professor: Robert D. Hill.

Cygnide—insensitive‘respiration waS';tudied under a variety ofi '
~ conditions in.the miﬁochoﬁdrial fraction isdlated-from etiolatéd |
coleoptiles of four wheat cultivars. The intent of this study was to
vfurther our understanding of the function of cyanide-insensitive res-
‘ piration in plant mefabolism, |
| ‘The wheat mitochondria were found to oxidize q—ketoglﬁtafate,

exdggnous NADH énd sucdinéte rapidly. The oxidation of engeﬁous NADH
did not appear t6 involve the hydroxaﬁic acid-éensitiﬁe alternate eléc-
tron transport pafhﬁay. ‘Succinate oxidation was iﬁcompletély inhibited
by either cyanide 6r the hydroxamic acid, m-chlorobenzhydroxamic acid
'(mCLAM), but was normally COmpletély inhibited in the presénée of both
cyanide (6r»antimycin A)’and mCLAM; fof this reason sﬁécinate>was used
inball subsequent studies. |

>While the state 3 and étate 4 rates of succiﬁate oxidation were
" similar in the vérieties stﬁ&ied, fhe’cyanide—insenéitive raies demon-
strated a marked cultivar depéndence; the cyanide—insensitiye capacities
.of Kharkov and Neepawa mitochondria rePresenfed 34% and 8%, respectively,
of their state 3 rates. |

‘Arrhenius plots of the state 3 and state 4 ratés were relatively

. o o, . . . Cs
linear over the temperature range 2. - 30°C. The cyanide-insensitive




rates, however, exhibited a distinct maximum between 15°C and 20°cC.

Germinétion of £he wheat in the presence of high concentrations
of CO2 (10-30%) was found to significantly increase the capacity of
the cyanide-insensitive pathway withoﬁt affecting the potential of
the cytochrome pathway. Oxygen acted synergistically with C02,in
promoting the alternate pathway although.increased oxygen concentra-
tions aloﬁe did not elicit a promotion. The inclusion or exclusion
of ethylene had no effect on the observed results. Bgsides promoting
the aitérnate péthWay, the C02-okygen mixtures evoked an increase in
the linoleic/linolenic acid ratio of the mitochondrial 1iﬁids.

The cyanide-insensitive capacity was apparently not responsive
to changes in the germination temperature; wheat germinated at low

temperature (446°C).disp1ayed a cyanide-insensitive rate not signi-

ficantly different from that of wheat germinated at room temperaturé

(20-22°C) .

ix




INTRODUCTION

Around 1900, cytoplasmic granules, barely discérnible with the
light microscope, were observed in a number of cells. .With the advent
of the electron microscope it became aﬁparent that thése tiny pafticles
(& 0.5 - 3 yum), termed mitochondria, were similar in appearance in a
variety of eucaryotic cell types; the distinctive and complex double
membrane made identification of mitochondria relatively easy. |

Mitochondria are now known to be the site of many cellular reac-
tions, including those involved with respiratory metabolism. The.
‘matrix contains the oki&ation'enzymes of the citric acid cycle while
the compoﬁents of the electroﬁ transport-chain are closely associated
 with the inner membrane. The complex nature of the electron transport
chain is apparently necessary to ensure that a high proportion of the
energy available from substrate oxidation is conserved in the form_pf
ATP. |

The majority of mitochondrial étudies have involved animal systems.
Although many enzymic reactions are commén to both plant and animal |
mitochondria, it ié,a mistake to assume that plant and animal mitochbn-
dria are identical; a fewlof‘the differences were recently discussed
by Palmer (1976).

One obvious difference between plant and animal mitochondria con-
cerns the phenomehon of cyanide—insensitive respiration whicﬁ is pecu-
liar to plants. Cyanide, as a potent inhibitor of cytochrome oxidase,
completely inhibits respiration of most animal systems. In contrast,

plant respiration may be inhibited, umaffected or actually stimulated,




depending upon the tissue. Although.the anomalous response of plant
respiration to cyanide was reported as early as 1937, only in the last
few years has it become generally accepted that plant mitoéhondria
contain not only the cytochrome chain but also a second electron path-
way to oxygen which is'not‘inhibited.by cyanide tHenry and Nyms, 1975).

Cyanide-insensitive respiratidn has not been adequately studied
and at present its role in plant metabolism remains a mysterf; The CN-
insensitive pathwéy apparently diverts electron transport from the ATP
synthesizing méchingry and releases much of the available energy in
the form of heat. In the spadix of Symplocarpus foetidus, a highly
CN-insensitive tissue, the heat resulfing from the rapid respiration 
maintained a tissué temperature 15° to 35°C above the ambient air tem-
perature (Knutson, 1974). |

A stﬁdy of CN-insensitive respiration at the mitochondrial level
has not been previously reported for wheét or any of the cereals.
Also, considering that this pathway may be involved with the release
of energy as heat, it was believed that a general study was warranted

as to the response of CN insensitive resplratlon to temperature changes.




LITERATURE REVIEW

Historical Development

Cyanide inhibition of respiratioﬁ was little understood until
Keilin (1929) observed that oxidation of yeast cytochromes could be
completely inhibited, im vivo and in vitro, by as little as 10”%m
potassium cyanide. Although-cyanide proved to bé a potent- inhibitor
of respiration in most mammalian systems, plant respiration was found
to be variably affected (vide infra). Van Herk (1937) carried out a

- series of potéble investigations of respiration in the spadix of the
tropical aroid Sauromatwm guttatum, as described and extended by
James and Beevers (1950), and found.that respiration was almést com- \

pletely resistant to cyanide. The inflorescences of aroids have
continued to serve as useful examples for the study of CN-insensitive
respiration mainly due to the extremely rapid respiration of this |
tissue.

Several hypotheses were presented to explain the resistance of
plant respiration to cyanide (van Herk, 1937; Okunuki, 1939; Yocum
and Hackétt, 1957; Chance and Hackett, 1959). Howevef, a generally
accepted explanation was not forthcoming until Bendall and Bonner

(1971) reviewed the existing evidence and'concludeﬁ that CN-resistance

resulted from a branching of the mitochondrial electron transport

chain on the substrate side of cytochrome b. 1In the same year, a'sig- :

nificant obstacle to the study of this phenomenon was overcome when
Schonbaum et al. (1971) reported that hydroxamic acids specifically

inhibited CN-insensitive oxygen uptake. A simplified view of the




.électroﬁ transport chain ih plant mitochondria, which includes the
possible involvement of the CN-insensitive pathway (also reférred to
as the alternate pathway), is outlined in Fig. 1.

It cannot be overemphasized, however, that exceedingly little ié'
unequichally undersfood of the mechaniémiéf CN-insensitive respiration

.and any possible physiological role remains purely speculative.

Variations of Cyanide-Insenstive

""Respiration with Plant Tissue

James and.ﬁlliott.(IQSS) démonstfétea.that respirétion of the érudei
mitéchondrial fraction isolated from the Arum spa&ix was CN—insensitivé
in agreement with studies on tissue slices by van Herk (19371 Exten-
sive study of potato tuber mitochondria revealed an anomalous depen-
dence on phy51olog1ca1 stage;AHac&ett et al. (1960) found that mltochon—
dria'isolated directly.from whole tubers Qere CN-sensitive while mito-
. chondria from tuber sliceé which had been aerated for 24 hr Were.CN—
resiétant.

.vBahr and Bonner (1973aj studied mitochondria isolated from a vari-
ety of plant tissues and repérted tﬁe percentage of reépifation resis-

0,
s "
0,

tant to 0.5 mM cyanide: white potato (Sbldnum tuberqsum)’fuber,_
Alaska pea (Pisum sativum)bhypocofyls,‘10-15%; mung bean (Phaseolus '
‘_aureus) hypocOtyis, 15—20%; sweet potato (Ipomoea bdtatas) ;ubers,-SO%;
Arum maculatum spadlx, 100° |
The climacteric, a resplratory rise which accompanies the rlpenlng
bf certain fruits, may involye_the CN-insensitive pathway (Solomos and

Laties, 1976). Tingwa and Young (1974)‘¢oncluded that the CN—resistant v

pathway was operating at all stages of ripening in avocados.




Figure 1

Possible electron transport pathway .in plant mitochondria.
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Cyanide-insensitive respiration has not been extensively studied
in wheat or in the cereai; generallyf James and Boulter (1953) re-
ported that approximately 25% of the respiration of barley roof tips
was resistant to 1 mM cyanide or azide; Elliason and Mathieson (1956)
reborted similar results for wheat roots. The respiration of young
leaves from maize, and other plants, was inhibited by cYanide whereas
respiration of older leaves was actually stimulated (MacDonalg and
De Kock, 1958). Aithough Abdul-Baki and Baker (1970) observed changes
in cyanide sensitivity of the bafley floret during development, they
concluded that Barriers to gaS'exéhange in the mature floret were at
least par£ia11y responsible.h Howeﬁer, none of the above studies was
extended to the mitochondrial level.

iny two accounts of cultivar dependence of CN—insensifive respi-
ration were found in the literature. Bakumenko (1974) demohstrated
that respiration of a frost-resistant spring wheat cultivar was in-
hibited 15% by 1 mM cyanide Qhereas two frost-sensitive spring cultivars
were inhibited 45%. Passam (1976) fecently.demonstrated that mitochon-
dria isolated from cassava'(Mhnihot esculenta) exhibitéd 32-68% CN-
insensitive respiration depending upon the cultivar.

Although the observed capaciff’for electron flux through the CN-
insensitive_oxidaseAvaries markedly with tissue studied, Bonner (1965)
may have been correct when he suggested that the CN-insensitive pathway

could be ubiquitous among plants.
Inhibitors

Bendall and Bonner (1971)‘reported that CN-insensitive respiration
was inhibited by iron chelators. However, the chelators chosen, 0,0 -

dipyridyl and 8—hydronyuinoline, inhibited cytochrome respiration at
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concentrations only slightly above those needed to inhibit CN-insensitive
respiiation (Baﬁr and Bonner, 1973a). ‘Schonbaum et al. (1971) reported
that hydroxamic acids, which chelate iron very tightly, were specific
inhibitors of CN-insensitive respirétion at extremely low concentrations.
The hydroxamic acids, and specifically tﬂe substituted benzhydroxamic
acids (Fig.‘2), have proven exceedingly useful for the study of this
phenomenon. Since the hydroxamic acids chelate ferric ions witix much
greater affinity than other transition metals, a»non—heﬁe iron protéin
wés imPliéated'(Bendall,and Bonner, 1971); The énly reported inhibitor |
of CN-insensitive fespiration which is nét aﬁ iron chelator is piéricidin
A, a classic inhibitor of electron transport in the region of phosphory-

lation site I (Wilson, 1971).

Evidence for the Location and Mechanism of Cyanide-Insensitive

Respiration in the Mitochondria

The continued_use of the nomenclature 'CN?insensitive' respiration
is far from satisfactory but does reflect the uncertaihty surrounding .
this fopic. Respiration may continue in the presence of hydrogen
cyanide for various reasons. For e£amp1e,(the fungi Stemphylium loti
(Fry and Millar, 19?1) and GZoeocércospora sorghi (Fry and Munch, 1975)
synthesized an HCN-induced formamide hydro-lyase and converted the
hydrogen cyanidé.to formamide. However, evidence presented in this
section is intended to demonstrate the general existence among plants
of a specific type of CN-insensitive respiration associated with
electron transport in plant mitochondria.

Although the CN-insensitive oxygen uptake of plént tissue could

often be accounted for in the crude mitochondrial fraction (James and




Figure 2

Complexes of an hydroxamic acid (mCLAM) with ferric ion.
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Elliott, 1955; Hackett et al., 1960), Nakano and Asahi (1970) purified
~the mitochondrial fractionifrom fresh énd_aged potato slices using suc-
rose density gradient centrifugétion and found that the CN—insensitive
respiration of aged slicés resided mainly in a band of mitochondria

which were thought to be newly formed during the aging process.

An early hypothesis, puf-forward by Chance and Hackett (1959) among
others, suggested that CN—inseﬁsitive respiiation resulted simply from
an incomplete inhibition of cytochrome pxidaSe. However, Wiskich and
Bonner (1963) measured the cytochrome oxidase activity of sweet potato
. mitochondria by obServing théizxidafion of ascorbate + TMPD (an artifi-
ciai electron mediator) thch_donéfed elegtrons just prior to the cjto—'
chrome oxidase sfep (Fig. 1); They found that ascorbate + TMPD oxida-
tion was almost totally inhibited-By cfanide while succinate_oxidation
was inhibited only approximately 50%; apparehtly the electron flux from
succinate oxidation in the presence of cyanide greatly exceeded the
residual qytochrome 6xidase activity. Actually the evidence indicated
that cytoéhrbme oxidase was essentially completely inhibited with as
little as 0.1 mM cyanide (Hackett et al., 1960; Kano and Kumazawa,
1972). Reports.that.a second cytochrome oxidase inhibitor, azide
(Bendall and Bonner, 1971), as well as antimycin A (Ikuma and Boﬁner,
1967), which inhibits between cytochromes b and c; inhibited mitochon-
drial oxygen uptake only to the samé extent asbcyanide effectively
refuted the excess cytochrome oxidase hypothesis.

Although the b cytochromes remained partially oxidized in the
presence of annide, kinetic experiments by Storey and Bahr (1969)
determined that the oxidation rate was far too slow to account for CN—

insensitive oxidation. In the presence of antimycin A, all of the b

'
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cytochromes were effectively reduced (Bendall and Bonner; 1971).

| Tﬁe flavoprotein region of the electron transport chain has been
implicated in CN—in;ensitive respiration for a number'of years; however,
flavoproteiﬁs hgve proven difficult to study. Certain high redok poten-
tial flavoproteins which could be reduced directly by succinate r;mained
relatively oxidized in the presence of cytochrome oxidase inhibitors
(Erecinska and Storey, 1970). Bendall and Bonner (1971) rejected the
possibility of é simple flavoprotein as the terminal oxidase since the
expected product of such an oxidase, hydrogen peroiide, was not found

, gnd the’reported Kﬁ fqr oxygen (0.5 uM) was well bélow the Km of other

272

alternate oxidase (Rich et al., 1976) althugh the evidence is incon-

flavoprotein oxidases. In fact, H,0, may be the initial product of the

cluéivé, and the oxygen affinity of the CN-insensitive oxidase has
never been adequately studied.

The determination of ADP/0 ratios (umoles ADP phosphorylated/ﬂ
atoms oxygen reduced) and réspiratory control ratios (oxygen uptakev
‘rate in the presence of ADP/qugen uptake rate following ADP depletion)
‘aided in the study.of the alternate pathway. According to Bonner (i973),
the cytochrome éontaining pathwéy of plants probably contains three
sites of ATP -synthesis énalogous to mammalian mitochondria (Fig. 1),
with the following limiting ADP/0 ratios depending on the substrate .
oxidized: ascorbate + TMPD, one; succinate, two; NAD-linked substrates,
three (ignoring substraté'level phosphorylation). However, the ADP/0
and respiratory control (R.C.) ratios for skunk cabbage mitochondria
were very low, but approached the expected values in the presence of
an hydroxamic acid which presumably prevented oxygen-uptake by the non-

phosphorylating alternate pathway (Schonbaum, 1971). In contrast,




black-eyed pea mitochondria, which had little CN-insensitive respira-
tion, yielded relatively high ADP/0 and R.C. ratios which could not
be improved by addition of an hydroxamic acid (Bahr and Bomner, 1973a).
By using mitochphdria from various plant sources and measuring the
ADP/0 and R.C. rétios with different substrates (mainly succinate and
malate) in the presence and absence of cyanide (Storey and Bahr, 1969),
evidence was obtained which was consistent with the CN—ihsensitive
pathway branching between phosphorylation sites I.and IT (Fig. 1).
InfOrmation concerniﬁg the ability(of Krebs cycle intermediates
other than succinate and malate to donaie electrons to the alternate
parhway has been less conclusive. James and Elliott (1955) reported
that the oxidation of citrate and a-ketoglutarate by Arum mifochondria
was unaffected by cyanide. Skuﬂk cabbage mitochrondria oxidized 0
ketoglutarate in the presenre of cyanidé and retained some phosphory-
lating capacity, presumabiy at phosphorylation site I (Storey and Béhr,
1969). However, since o-keto acids are capable of removing cyanide
through cyanohydrin formation,‘the results with'a—ketoglutarate are

difficult to interpret. Arum spadix mitochondria oxidizing o-

13

ketoglutarate yielded low ADP/0 ratios.(0.7-— 1.2) and poor resPiratory:

control (Lance, 1974), while mung bean mitochondria (which had a low
CN-insensitive capacity w1th succinate) y1e1ded high ADP/0 ratios
(3.0) and good respiratory control (Bonner, 1973); although somewhat
indirgct, these results suggested rhat electrons from o-ketoglutarate
did have access to the CN-insensitive pathway.

Plant mitochondria, in contrast to animal mitochondria, oxidized
exogenous NADH rapidly (Douce et al., 1973). The NADH apparently did

not pass through the inner membrane but was oxidized by at least two
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external dehydrogenases not associated with the CN-insensitive pathway
(Palmer, 1976).

In summary, availéble efidence has suggested that electrons result-
ing frbm'the‘epdogenous oxidation of all Krebs cycle intermediates had -
access to the CN-insensitive pathﬁay; Rich and Moore (1976j recentlyi
presented a model for the possible molecular-level involvement of CN-
insensitive respiration in the overall scheme of electron transport.
Based on kinetic information and a recent hypofhesis of Mitchell (1975a,
~1975b), they proposéd that ubiquinone was rediuced by hitochondrial

dehydrogenases and reoxidized by the alternate oxidase.

Temperature Dependence of Reactions

Chemical reactions, inclﬁding énzymatic reactions (within limitedf
tempefature ranges); exhibit incieased rates as the temperature rises.
However, not all Enéymatic reactions respond ideﬁtically to temperature
variations and the temperature dependence of a given reaction has proven
useful in the elucidation of the mechanism involved (Weétley, 1969).

| Arfhenius (1915) was among the first to note the relatiénship
between temperature and reaction rates. He derived a strictly:empirical
eqﬁation'(based-on the van't Hoff equation describing the temperature
dependenée of the equilibrium constant) which relatéd the rate éonstant,

k, to the absolute temperature, T.

dink E
dar RT

R = gas constant (1)

. : *
Arrhenius assumed that the energy term E was the energy that the react-

ing molecules must acquire to overcome molecular repulsions and form an
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'activated complex';'E* became known; therefore, as the 'activation
energy' which was dependent upon the exact nature of the reaction. As
the temperature 1ncreases the fraction of the molecules which attain
the activation energy increases and hence, the ‘Tate constant increases.

If E is 1ndependent of temperature, integration of equation (1) yields

k
E 1 1 :
in —_kz = 7 (TI-" - T ) : (2)
1 1 2

in wh‘ich'k1 and k2 are the rate eonstants at temperatures T1 and T2.
'A plot of the logarithm of the rate constant against theireciprocal of
the temperature should yield a straight line with the slope dependent
upon E 3 thlS is the well-known Arrhenlus plot. |

Arrhenius plots of enzymlc reactions are often difficult to inter-
pret. Many reactions 1nvolve several steps w1th dlfferent temperature
veoeffic1ents. It is perhaps surprizing, therefbre, that not only have
many enzymic reactions yielded linear Arrhenius plots but multienzyme
processes, such as respiration, often exh1b1ted relatlvely good 11near—
ity (Raison, 1973) Since linearity in an Arrhenius plot 1nd1cated a
constant activation energy over a selected temperature range, Crozier
postulated that multicomponent reactions may often be rate-limited by
a single step (reviewed by Raison, 1973). '

However, the Arrhenius plots of several enzymic reactions or pro-
cesses were found to be nonlinear. Various plant mitochondrial (Lyons
and Raison, 1969), chloroplast (Shneyour et al., 1973) and rat liver
mitochondrial (Lee and Gear, 1974) reactions gave Arrhenius plots con-
sisting of linear segments .of different slopes indicating a change in

the overall activation energy at some temperature. Raison (1973) .
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pointed out thaf most of the reactions exhibiting discontinuities, or
'breaks', in the Arrhenius plots were closely associated with membranes.
Since the exact nature of the comfpnent membrane iipids (e.g. degree of
unsaturation) partially determines the physical properties of the
membranes, chaﬁges in the activation energies of membrane-linked reac-
tion§ could arise from phase changes (i.e. marked changes in.the
fluidity) in the membrane lipids at certain témperatures which alter
the conformation of the associated enzymes.

A recent study by‘Pomeioy'and Andrews - (1975) demonstrated a dis-
continuity betwéen 10-14°C-in the Arrhenius plots of wheat mitochondrial
réspiration. Howevér; no study of the effectg of‘temperatufe specifi-
cally on the CN-insensitive‘pathway couid be found in the literature

for any plant tissue.

Gases and Cyanide-Insensitive Respiration

Oxygen

James and.Beevers (1950) demonstratea that respiration of slices
of the CN-insensitive Arum spadix increaséd as the oxygen concentration
was inpreqsed up to 100% O2 whereas respiration of slices of the CN-
sensitive peduncle saﬁurated at 5%‘02; they designed their experiments
to preclude &iffusion limitations and therefore assumed that CN-
insensitive oxidation depended upon a different oxidative mechanism.

- Wilson (1970) suggested that the dissolved oxygen concentration was a
means of controlling heat production by the alternate pathway in the
Arum spadix.' MacDonald (1967) found that Arrhenius plots of respira-

tion of fresh cut potato disks (CN-sensitive) were linear whereas aged
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disks (CN-insensitive) yielded Arrhenius plots with a loss of linearity
between 15-209C; the liﬁearity‘could be restored by increasing the
oxygen tension. Increased 6xygen concentrations initiated synthesis

| of the CN-insensitive pathway in suspensions of cultured sycamore cells

(Wilson, 1971).

Ethylene

The ability of ethylene to stimulate respiration of plant tissues

‘was first reported by Denny (1924) as described by Abeles (1973).

- Recently, Solomos and Laties (1976) presented~evidence that the CN-
insensitive pathway must be operative for ethylene tb enhance respira-
fion. -The stimulation of respiration by ethylene‘was demoﬂstrated for
numerous,plan§ tissues, inciuding fruits, storage organs and flowers

(Abeles, 1973).

Hydrogen Cyanide

Respiration of certain plant tissues, such as potdfo tubers
(Hanes and'Barker, 1931) and avocado fruits (Lips and Biale, 1966),

was found to be actually stimulated by.cyanide. Hydrogen cyanide was

able to induce the alternate pathway in wheat and rice seedlings (Kano
and'Kumazawa, 1972).'iStimu1ation of plant respiration by hydrogen
cyanide and ethylene was recently reviewed by Solomos and Laties

(1976).
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Possible Physiological Roles

According to Meeuse-(1975)'the thermogenic.aature of the Arum
inflorescence was first discovered by_Lamarck (1778). The philodendron _b
inflorescence consumed oxygen at rates approaching those of flying
hummingbirds;'the respiratory rates correlated well with the rates of
heat production (Nagy et al., 1972). Knutson (1974) reported that the
spadix of eastern skunk cabbage (SympZocarpus foettdus) malntalned an'
1nterna1 temperature up to 35°C above the surround1n0 air temperature
by malntalnlng a rapld rate of resplratlon fueled ultlmately by starch
reserves- the spadlx was not frost resistant and yet survived air
temperatures of -15°C. ‘These same 1nflorescences maintain an-extremely'
active CN-insensitive pathway which expends most of the free—energy
avallable from substrate ox1dat10n as heat, 31nce 11ttle is conserved o
in the form of ATP (Henry and Nyms, 1975). Therefore, one p0551b1e
physiological role for the CN—1nsensitive.pathhay; at least in certain
tissues, could be heat productioh either to avoid freezing or simply :
to sbeed up_metabolism.‘ Although wheat seedlings are certalhly not
considered thermogenic, Bakomenko (1974) did report a positive correla—
tion between'CN—insenSitive respiration‘and frost resistance lhbthe‘»
few cultivars he studied. |

Smith and‘Meeuse (1966) noticed thatfthe thermOgenic nature of
the Arum spadix resulted in volatilization of chemicals‘that attracted
lnsect pollinators. This 1nformat10n led Heeuse (1975) to propose that CN-
insensitive respiration aided polllnatlon of plants of the Arum famlly
even at Subfree21ng temperatures

Although theheat resultlng from starch oxrdatlon via the CN-

Jinsensitive pathway may aid frost avoidance and pollination of aroids, -
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i

the apparent ubiquitous nature of CN-insensitive respiration led to
a search for other metabolic roles (Bahr and Bonner, 1973a).
Various authors noted the CN-resistant nature of respiration during

" the initial period of seed geimination and suggested that the alternate

pathway was‘opérative (Roberts,'1969; Wilson and Bonner, 1971).
Reéently Yentur and Leopold (1976) reported that duriﬁg the first few
hours‘following imbibition; germination and respiration of soybeans
were more effectively inhibited by hydroxamic acids than cyanide; this

trend reversed approximately six hours after imbibition. Cyanide

exerted é stimulating effect on germination of séeds of many different
sfecies (Majo£ and Roberts, 1968; Hendricks and Taylorson, 1972), al-
though the nature of stimulation was somewhat in doubt (Taylorson and
Hendricks, 1973). Such evidence resulted in a prop6§al that the CN-
insensitive_pathway:provided some'unknown essential for completion of

the earliest stéges of seed germination (Yentur and Leopold, 1976);V
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MATERIALS AND METHODS

Plant Material and Germination Conditions

The spring cultivars Neepawa and Norquay, along uith the winter
cultlvars Kharkov and Ullanovka were used throughout the present
study. Seeds to be germinated were surface ster111zed w1th dilute
bleach (Z:l, water:bleach by vol.) foru2—3 min and then'rinsed-for'-

5 min with water and finallvaith distilled waterlj Germinationlwas
carried out on moist paper in the dark either at room temperature
(ZOeZZOC) for 3-4 days or in a cold room (4—6°C) for 344‘weeks. Under
either temperature regime the tissue was haryested when the coleoptiles
vwere no longer than 1 cm. |

The static system of germination, under Varled concentrations of
oxygen, carbon dioxide and ethylene, employed 10 1 glass chambers.
| Unless otherwise 1nd1cated all germlnatlons 1nvolv1ng 1ncreased gas
‘concentrations were of the static type.' A gas-flow system (glass) was
used when strict control of gas mixtures was‘desirable;fthe flow rates
yaried 100-600 ml/min depending upon the individual reouiremenfs'of the
experlment |

To exclude ethylene the gas was bubbled through a trap contalnlng
mercuric perchlorate solution (Abeles, 1973). Slmllarly, a 10° (by wt)

“aqueous KOH solutlon was used to remove carbon dioxide.

Carbon Dioxi de and Ethylene Determination

Carbon dioxide concentrations were determined with a Beckman 215A
infrared'analyzer. To determine low concentrations (< 1.0%) the gas
was passed dlrectly through the analyzer For higher concentrations

B of €o,, a N stream was passed throuoh the analyzer and gas samples

2
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tldO ul - 1.0 ml) were injected into the stream. 'Concentratiohs were
determined by comparing readings with those of standards.

‘Ethylene was determined in a 1 ml sample on a Hewlett Packard
5710A gas chrométograph.equipped with a flame ionization detector.
‘Porapak T and Q-S columns were ﬁsed to separate éthylene from CO,,,
water vapor and other air components. The flowvratengs maintained
at 20 ml/min with colﬁmn énd detector temperaturés of 60°C aﬁd,lSOOC,
_respectively, Ethyléne cdnéentrations were calculated by compariﬁg |

peak heights with those of standards.

Isolation of Mitochondria

The isolation procedure employed was a slight modification of
the rapid differential‘céntringation procedﬁre‘developed by Sarkissiaﬁ
- and Sriﬁastava (1970). Their method was desigﬁed‘primafily toiquickly |
sepératé the‘mitochondria from soluble proteases,'lifases and other
hydrolytic enzymes.released when the tissue was macerated. However,
in fhe présent study the coﬁstituents and pH ﬁélues of the 'gfind?
and 'reactiqn' mediums were chosen in accordance with the findings of
' Tkuma (19‘70).' | | | |
Coleoptiles (1-3 g) were homogenized with a mortar and peétle fpr‘
1.0 - 1.5 min in 5 ml of grind medium (0.5M mannitol, 10 mM KZHPO4,
0.1% (by wt) BSA, 2 mM cysteine, 1'mM EDTA, adjusted to pH 7.5 with
KQH); allloperations were carried out at 0-4°C. 'Abproximétely Q.2 -
0.4 é of polyvinylpolypyrrolidone were added to Eind polyphénols.
Grind medium was then added to obtain a‘final ratio of 10 g‘grind

medium per g tissue. The brei was filtered through Nitex nyibn cloth
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(10u openings; B. & S. H. Thompson § Co. Ltd.) and centrifuged for 5
min at 1000xg. The supernatant was recentrifuged for 2 min at 40,000
xg. The pellet obtained was then washed carefully twice with 1 ml of
reaction medium (0.3M mannitol, 10 xﬁM KH,PO,, 0.1% (by wt) BSA, 10 mM
KCi, 5 mM MgClz, adjusted tp pH 7.2 with KOH). The mitochondrial
pellet was finally resuspended in 0.5 ml ofreactio?:medium and stored
on ice.

Protéin ﬁas detefmined by the method of Lowiy et al. (1951) after
solubiiiiing 20 ul samples ofvthe mitochondrial syspension with 0.2

ml of 5% (by wt) deoxycholate.

Oxygen Measurements

Oxygen uptake was measured with a Clarke type oxygen electrode
(Yellow Springs Instruments Biological Oxygen Monitor model 51). The
polarizing voltage was adjusted to 0.65v. Both the standard and the
high-sensitivity membranes were used. Oxygen concentrations at various
temperatures (°C) were calculated usiﬁg the following equation for air-

saturated water solutions, determined by'Truesdale and Downing (1954).
Oxygen (ppm) = 14.16 - 0.3943T + 0.007714T2 - 0.0000646T3

In a typical assay, 2.5 ml éf reaction medium were allowed to
equilibrate with air for at least 5 min at the desired temperature.
The oxygen electrode ﬁas then lowered into the splution and all bubbles
were expelled. The electrode output was adjusted to give full.scale
deflection of the recorder (1.0 mv). Substrate e.g. succinate, and

ADP were added to give final concentrations of 10 mM and 80-100 1M,




23

respectively. Oxygen uptéke was initiated by adding 100 ul of mito-
chondrial éuspension (containing 0.3 - 1.0 mg protein). Fbllowing the
trial, the baseline (i.e. [02] = 0) was obtained by addition of aqﬁeous

~sodium hydrosulfite.

Mitochondrial Lipid Analysis

The 1ipid extraction ﬁrocedure was that of Bligh and Dyer (1959)
"as modified by‘Miller et al. (1974), Thevmitochondria were isoléted_
as describea‘previously. However, following‘thé second centrifugationv
~the pellet was resuspendedfin 5 ml of BSA-free grind medium an& thén |
centrifuged at 40,000xg for 2 min. This pellet was theﬁ réguspénded
in 5 ml of boiling 2—pr0pahol, incubated for 5 mih at 82°C-(to in-
activatg any 1ipolytic enzymeé) and céhtrifuged at 3000xg fbr S‘min.'
Thé supernatant was collecfed and. the pellet»extracted égain with 5 ﬁl
of boiling 2—propanol.and thrée times with 5 ml chloroform-methanol-
B water (1:2:0.8, V/v/v); following each extréction the suspension was
_éehtfifuged at 3000xg for 5 min. The organic éupéfnatants Weré coﬁ-‘
~ bined and the solvents removed un&er reduced preésure.. |
Fof.anaIYSis,‘théllipids'were hydroiyzed and fhé methyl éétérs of
the freé:fatty acids were preparéd and:ideﬁtified By the method of
Hougen and Bodo (1973). The methyl esters were separated on a 5720A
Hewlett Packard gas chromatogréph equipped with a flame-ionization
detector. The column (1/8“.x 8, ;opper) was packed with‘SP-222 poly-

ester (Supelco, Inc.) and maintained at 230°C.
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RESULTS AND DISCUSSION

‘Mitochoridrial Reactions

The mitochondria isolated from etiolated whegt coleoptiles were

shown to be capable of several reactiéns accéptédvas charéctéristié

of intéct, active mitoghondria (Palmer, 1976). In the absence of added
_sﬁbstrate (endogenousASubstrate only) thé rate of oxygen.uptake was iow'

- (Fig. 3); Upon ‘addition of substrate (e g a—ketoglutarate Fig. Sa)

the resplratory rate was still relatlvely low, belng 11m1ted by the
,ava11ab111ty of ADP; thls was the initial state 4.rate as defined by
Chance and Williams (1956). Addition of ADP immediétely‘increésed the
rate of éxygén consumption to a maximum (staté 3 rate) which cdntinued
untii_thé ADP was depleted; at this point the state 4 rate resumed.

lﬁhe relatively high respiratory contiol ratios (state»S/state 4) obtainéd
with a—ketoglutgrate indicatéd that the ATPase acti&ity was low and ATP
synthesis was tightly coupled té elecfron ?ransport. Oligomycin, an
antibiotic inhibitor of phosphorylatioﬁ,.completelf:ihhibifed oxygeﬁ}
reducfion (Fig. 3a); dinitrophenol reversed the inhibition presuméblj’by :
uncoupling ATP synthesis from electron transport. | | o

Although ﬁhe isolated wheat mitochondria oxidiéed»a—ketoglutaréte

and exogenous NADH rapidly (Pig. 3), néither substrate proved satisfac—‘ 
tory for the present stﬁdy of CN—inseﬁsitive respiration. Thé diffiéulty
with a-ketoglutarate resided in its abilify to react with §y¥Lide to fbrm
a cyanohydrin. Oxidation of exogénoﬁs NADH by plant mitochdﬁdria has
proven to be a complex process which is iqcompletely understoéd-(Douce

et aZ;, 1973; Palmer,'1976). In the present study NADH oxidation was
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- Figure 3

Polarographic recordings of oxygen uptake'hy isolated

‘Kharkoy mitochondria utilizing (a) a-ketoglutarate

and (b) exogenous NADH. Reaction conditions:wére (a)

10 mM d—ketbglutarate; 80-100 1M ADP, 0.1 pM‘oligomycin,

10 uM dinitrophenol, 0.3 mg mitochondrialiprotein, 28°C

and (b) 5 mM NADH, 100 uM ADP, 0.4 mM KCN, 0.2 mM mCLAM,

0.8 mg mitochondrial protein, 15°C.A
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found to be variably inhibited by antimycin A and cyanide, and the -
residual oxygen uptake was not inhibited by the<hydroxamic acid, mCLAM
(Fig. 3b). |

The isolatpd wheat mitochondria were found to oxidize succinate
readily and yieided R.C. ratios reasonable for-this substrate. In the
trial shown (Fig. 4), Kharkov mitochondria exhibited an R.C. ratio of
1.7 following the second addition of ADP. Cyanide,.at 0.4 mM, a con-
centration exceedipg thaf-required to completely inhibit cytochrome
oxidase in plant tissue (Bahr and Boﬁnef,-1973a; WilSén,v1971), failed
fo cdmpletely inhibit thewrespiration of the wheat mitochondria (Fig.
4a). Doubling the cyani&e concenfration (6.8 mM) caused only a sliéhf
increase in the inhibition which was probably attributéble to a non-
specific effect.on the mitochondrial reactions. However, the hydroxamic
acid mCLAM completely inhibited the residual oxygen uptake. Antimy;in
A was also found to inhibit sucéinate oxidation only to the same extent
as did cYanide (Fig. 4b); once again the.residual oxygen uptake was
completely inhibited by mCLAM. F;om the above evidence it was concluded
that the‘CN-insensitive pathway was operative in the wheat mitochondria.

A slight disadvantage of usihg succinate. should be mentiongd{ The
- state 3 rate.resulting'from the initial addition of ADP was ﬁuch lower
than that observed with subsequent ADP additions (Fig. 4). According
to Singer et al. (1973) and Oestreicher et al. (1973) succinatg de-
hydrogenase of plant'mitoéhondria required activation by ADP, ATP or
succinate for several minutes to achieve maximal éctivity, which was
accompanied by the release of tightly bound oxaloacetate. Raison et aZ. 

(1973) also discussed this problem of succinate dehydrogenase. In the
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Figure 4

.Inhibition of_succinate oxidation in Kharkov mitochondria

by (a) cyanide and (b) antimycin A. - Both trials were run
simultaneously on aliquots from the same mitochondrial pre-
paration. Reaction conditions were 10 mM sﬁccinate, 100
UM ADP, 0.4 mM KCN. (first addition), 0.8 mM KCN (second
addition), 0.03 pM antimycin A, 0.9 mg mitochondrial pro-

tein, 15°C.
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‘present study it was observed that the inhibition was overcome more
quickly if the succinate and ADP were added to the reaction chamber
‘prior to the .addition of thé mitochondria (e.g. Fig. 8a); this techni~
que allowed’completion of two Qtafe 3 - state 4 cycies and measure-
ment of the CN-inSensitive rate before the oxygen was seriously

depleted.

Cultivar Variations in Cyanide-Sensitivity

The rates bffoxygen uptake observed with mitochondria isolated
from four cultivérs of wheét a;e listed in. Table 1. While the state 3
and state 4 rates varied slightly, the rates aftef addition of cyanide
weré distinctly dependent upon variety. The CN—inseﬁsitive oxygen up-
take rate of Kharkov mitochondrié Was'alﬁost four times greater than
the CN-insensitive .rate of.Neepawa.' The two spring culti&ars,_Neepawa
and Norquay, were almost entirely sensitive to cyanide whereas the.
winter wheat Ulianovka was intefmediate betwéen_Kharkdv_and the spring.
cultivars. The slightly lower respiratory control ratios which were
consistently observed with_Kharkov and Ulianovka probably reflected
the greater contribution of the alternate pathway.

An apparent capacity for electron flux thfough the alternéfé path-
way was determined from the rate of succinate oxidation (oxygen uptake)
in the presence of cyanide. ‘However, in the absence of cyanide the
alterﬁate pathway may not be fully pperative (Bahr and Bonner, 1973b).
Therefore,‘thé state 3 and state 4 rates were observéd in the presenée
and absence of the hydroxamic acid, mCLAM (Table 2)‘, The addition of
mCLAM significantly 1owe¥ed,the oxygen uptake rates of Kharkov mito-

chondria while rates for Norquay were hardly affected. The effect of

[y
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TABLE 1. Oxygen uptake by isolated wheat mitochondria utilizing succinate

Oxygen Uptakea

d

. kespirato?y 5 o
Cultivar Control RathS» State 3 State 4 4State 4 + CN
Norquay | 1.99 70.4 35.4 6.3 (8.9)
Neepawa | 2.00 1.0 35.4 5.9 (8.3)
Kharkov s 647’.9> 38.3 23.3 (34.3)
Ulianovka 1.75 . 61.3 35.0 | 12.7 (20.7)

2 Rates are in nmoles Oz/min/mg protein at 15°¢ following the second
addition of ADP and are the averages of at least three isolatioms.

b 10 mM succinate, 100 M ADP.

¢ 10 mM succinate.

d 10 mM succinate, 0.4 mM KCN. Numbers in parentheses represeﬁt the

percent of state 3 respiration which is insensitive to cyanide.

1




32

TABLE 2. Effects of mCLAM® on oxygen uptake of wheat mitochondria

Kharkov Norquay
b . .
State 3 67.9 70.4
State 3 + mCLAM® 57.4 . 68.5
% Inhibition - 15.5 . 2.7
(with mCLAM) : '
b L - -
State 4 | 38.3 35.4
State 4 + mCLAM ' 26.4 33.0
% Inhibition ‘ 31.1 : 6.8
(with mCLAM)
R.C. Ratio 1.75 1.99

a m-chlorobenzhydroxamic acid.

Rates are for succinate oxidation in nmoles O,/min/mg protein
at 150C and are the averages of at least two isolations. Ini-
tial concentrations (where applicable) were 10 mM succinate,
80-100 uM ADP and 0.2 mM mCLAM.
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mCLAM was apparently the same on both state 3 and state 4 respirétion
(i.e. both state 3 and state 4 rates\for Kharkov decreased by 10-12
nmoles O /min/mg‘protein).‘ In addition, the R.C. ratio of Kharkov
1mproved notlceably upon addition of mCLAM whereas the R.C. of Norquay
improved only slightly. It should be emph351zed that the 1nh1b1t10n
of oxygen uptake by mCLAM was much less than the apparent capacity of
the alternate pathway measured in the preéence of éyénide; this sug-

"~ gested that either the altérnate pathway was nOt‘fully'operative in
the absence of cyanide or that inhibiting the alternate oxidase with

mCLAM simply shifted the electron flux through the cytochrome pathway.

Temperature Dependence of Mitochondrial Respiration .

Arrhenius plots of oxygen uptake by wheat mitochondria were rela-
tively linear for both state 3 and state 4 respiration over the tembera—
ture ranges studied (Figs. 5-7). This linearity indicated that the
activation energy for succinate oxidation was relatively independent
of temperature; the rate constant for the overall process increased
logarithmically with temperature. Activation energies were similar for
both state 3 and state 4 respiration as well és similar among the cul-.
tivars studies (9-12 kcal/mole). Tﬁe slight variations in the activa-
tion energies reported here were probably within experimental error
and were not considered significant, especially when compared to the
four-fold increases observed by Lyons and Raison (1969) for activation
energies of succinate oxidation by sweet potato or tomato mitochondria
as theAtemperature decreased below 100C.

In contrast to the overall respiration, the CN-insensitive succi-

nate oxidation of.Kharkov and Ulianovka exhibited a rather anomalous
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Figure 5

e

Arrhenius plot of state 3 () and state 4 (A)
respiratory rates for Neepawa mifochondria oxidizing
succinate. Activation energies E*. (kcal/mole) are
indicated beside each line. Values represent the

averages of at least 2 isolations.
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Figure 6

Arrhenius plot of state 3 (), state 4 (A ) and
state 4 + CN (i.e. CN-insensitive) (@ ) respira-

tory rates for Kharkov mitochondria oxidizing suc-

L% .
cinate. Activation energies E (kcal/mole) are in-
dicated beside each line. Values represent the

averages of 3 isolations.
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Figure 7

Arrhenius plot of state 3 (), state 4 (A ) and state

4 + CN (i.e. CN-insensitive) ( @ ) respiratory rates for

Ulianovka mitochondria oxidizing succinate. Activation
*

energies E (kcal/mole) are indicated beside each line.’

Values represent the averages of at least 2 isolates. .
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temperature dependence. As observed in the Arrhenius plots (Figs.

6 and 7), the CN-insensitive oxygen uptake increased over the tempera-~

ture range 2.0°C to 17-18°C with an activation energy (10.6 - 10.8
kcal/mole) comparable to those pf state 3 and state 4 respiration.
However; as the reaction témperature was increased above 17-18°C the
CN-insensitive rate failed to increase and actually decreased in both
Kharkov and Ulianovka mitochondria. Arrhenius plofs\fﬁr the CN-
insensitive respiration of the spring wheats were not obtained due
to the difficulties inﬁolved in measﬁfing very low rates of oxygen
uptake.

| Over the temperature raﬁge Z.COC to 17-18°C the CN-insensitive
respiration exﬂibited a single.activation eﬁergy'similar fo the acti-
vation energies of state 3 and sféte 4 respiration. The chénge in
the temperature depehdence of the CN-insensitive pathway above 17—186C
indicated that fhe rate—limiting-step changed or was altered in some
manner;

The possibility existed that the availability of oxygen became

‘rate-limiting at higher temperatures due to the decreased solubility.

Various authors presented indirect evidence which suggested that the
alternate oxidase had a much léwer affinity for oxygen than did cyto;
chfome oxidase (James and Beevers, 1950; Wilson, 1970; MécDonald,
1967) . TIkuma et al. (1964) reported that two oxidaseé weie present
in plant mitochondria; ong had a Km for oxygen = 0.1 uM, which was
probably cytqéhrome oxidase, while the second oxidase had a Km ~ 0.5
UM and was assumed to be the alternate oxidase. However, the second

oxidase was never confirmed as part of the CN-insensitive pathway and
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later results indicated tﬁat it may have been an impurity (Plesnicar
et al., 1967). ' g
Attempts in the present study to establish if decreased oxygen

concentratlons -at higher temperatures were responsible for the altered

temperature dependence above 17-18 °c indiceted that oxygen was prob-
ably not rate'limiting. At 20°C tne CN-insensitive rate was essen-
fially the same whenrmeaSured at 150 uM and 45 uM oxygen (Table 3);
therefore, the'Km was likely well below 45 UM oxygen. However, at

30°C and 100 uM oxygen the CNfinsensitive rate was much less than the

rate observed af 20°C and 45‘pM oxygen (Table 3). Also, it was ob-
served that 1ncrea51ng the oxygen concentration at hlgher temperatures
(by equilibrating the reactlon medium with’ oxygen instead of air)
failed to increase the contribution of the CN-insensitive pathway.

As all other CN—ineensitiye rates reported in‘the present study were j
measnred at oxygen concentrations in excess of 100 uM, the alternate
oxidase should'have been saturafed at all temperatures Studied.,‘No
aftempt was made to measure the K with the oxygen electrode since
oxygen diffusion through the membrane would probably become rate

|
11m1t1ng at low oxygen -concentrations.

The failure of the CN-insensitive rate to continue increasing
above 17-18°C (in contrast to the state 3 and state 4 rates) suggested

that higher temperatures were perhaps more generally deleterious to

the alternate pathway than to the cytochrome pathway. In an attempt
to determine the effects of higher temperatures on the mitochondrial
reactions a preparation from Kharkov was divided into three samples

which were treated as follows: sample #1 was used to measure the




TABLE 3. Cyanide-insensitive respiration of Kharkov mitochondria as a
function of oxygen concentration and temperature

CN-Insensitive % State 3
Temperature Oxygen Respiration? CN-Insensitive
20°¢ 150 pM _ 27 30
20°c 45 UM 26 34
30°C 108 uM - 14 10

? Rates are for succinate oxidation in nmoles 0y/min/mg protein
and are the averages of at least two isolations. Initial con-
centrations are given in Table 1.
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respirétory reactions‘at SOOC (triai #1); sample #2 was incﬁbatedvét
30°C for the time required for trial #1 (5 min) ;nd then the respira-
tory reactions were measuredvat 15%¢ (trial'#s);.sampie #3 was stored
on ice throughout and then the respiratory'reactioﬁs were‘measuredv
simultaneously with Sample #2 at 15°% (trial #2). 'Frdm'thé results
in Table 4, the 30°C preincubatibn apparently resﬁlted'in aAdecréase
in both the staté 3’rate and the CN-insensitive (State 4 + CN} rate.
The relétively low respiratory controi ratios of trialg #1 and #3. |
suggested that the 30°Cztreatment probably speeded the genérél ae5
gradation or faging' of‘the mitqchondria. However, the mitdéhondria
which were preincubated at 30°C and measured at iSOC (trial #3) re-
tained a much higher percentage of CN—inSensitivé respiration than
did thé mitochondria which were measure& directiy at SQOC (trial #1)7
These results impliéd that th¢ decreased témpefature,dependence of
ithe CN-insensitive rate at higher teﬁperatures wasiprobéblyibroughf

about by some reversible rather than irreversible process.

Effects of Carbon Dioxide, Oxygen and Ethylene

The CN-inseﬁsitive'capécity of the etiolated_coleoptiles'Qasbv
found to be markedly affected By the germiﬁatioﬁ‘atmosphere;. In_airQ‘
germinated wheaf the cytoéhrome capacity greatly exceeded the capacity
of the CN-insensitive pathway (Tablé 5). Hdwéver,'it was discovered
. that if high concentrations of CO2 (10-25%) were éddgd to the germi—
nating chambers, fhe capa;ity of the alternate pathwéy in the isolated
mitochondria increased dramatically (Table 5, Fig718b). |

Oxygen was found to exert a synergistic effect with COZ in




TABLE 4. The effects of a 30°C preincubation on the respiratory reactions

of Kharkov mitochondria?®

- Measurements Meashrements at'15°C
ag mitochondria stored mitochondria
30°C ' on ice preincubated at
300¢P
(trial #1) (trial #2) (trial #3)

State 3 112 - 55 42
State 4 84 34 36
State 4 + CN 17 20 16
% State 3 ’ 15%: o 36% 38%
-CN-Insensitive
% State 4 20% ‘ 58% 44%
CN-Insensitive
R.C. ratio 1.3 1.6 1.

2 Rates are for succinate oxidation in nmoles 02/min/mg protein.

Concentrations are given in Table 1.

b Mitochondria were preinéubated at 30°C for 5 min, the time
required for trial #1. '




TABLE 5. Oxygen uptake rates of the two electron transport pathways of

wheat mitochondria?

; f,Cytochrome.Oxidaseb . .CN-Insensitive Oxidase®
“Germination _ :

Atmosphere Kharkov Norquay Kharkov Norquay
Air ' - 57.4 68.5 ’ 23.3 6.3
Oxygen , 58.9 71.0 24.8 9.8
25% COy :

in Air 54.6 . 60.5 46.4 40.6
25% COy : '

in Oxygen 66.2 73.2 82.6 91.2

2 nmoles 02/min/mg'protein at 15°C (the average of at least
isolations). . :

b 10 mM succinate, 100 uM ADP, 0.3 mM mCLAM,

€ 10 mM succinate, 0.4 mM KCN.

two.
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Figure 8

Polarographic recordings of oxygen uptake by mitochon-
dria from Norquay gérminated in (a) air, (b) (c) 20-25%
CO2 in air. Traces have been normalized to represent

1 mg 6f mitochondrial protein. R;C; ratios are indi-
cated in parenthéses'to the left of the traces. Reac-
tion conditions were 10 mM”suqcinate, 80-100 ﬁM ADP,

0.4 mM KCN, 0.2 mM mCLAM, 15°C.
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promoting the alternate pathway. Mitochondria isolated from wheat
germinated in 100% éxygen showed no significant variation in the cén—
tribution of either electron transport pathway when compared to air-
germinated wheat tTable 5, Fig. 9a). However, germination in 20-25%
added CO2 in oxygen resulted in mitochondria with alﬁosé'twice the
CN-insensitive capacity of wheat germiﬁated in 20-25% CO2 in air
(Table S, Figs. 8 and 9). In fact, under conditions of 20-25% added
CO2 ih oxygen the capacity of the CN—insensitivelpathway exceeded that
of the cytochrome pathway in Both wheats studied. It was noted. that
the CN-insensitive paihway was promdted equally weil in both Norquay
and Kharkoy, despite the much lower CN-insensitive rate observed for
air-germinated Norquay. | |

Mitochondria isoléted from wheat germinated in the presence of
high concentrations of CO2 appeared uncoupled, exhibiting little or
no respiratory control (Figs. 8b'and 9b,c). However, when the hydrox- -
amic acid mCLAM was added to inhibit éhe contribution of the alternate
pathway, relatively good respirafory control was visible which indi-
cated that the cytochrome system was fﬁnctionally oﬁérative (Figs. 8¢
and 9d).

The effects described above for CO2 were not elaborated after
short periods of exposure. 'Placement of air-germinated etiolated
seedlings in 20% added CO2 in oxygen for 24 hr resulted in only a
slight increése in CN—insensitivé respiration (Tafle 6). Conversely,i

when seedlings which had been germinated in the high CO -oxygen mix-

2

ture were opened to the air for 24 hr the alternate pathway capacity

still greatly exceeded that of air—germinated wheat. Such results




Figﬁre 9

Polarographic recordings of oxygén uptake by mitochon-
dria from Norquay germinated in (a) oxygen, (b) 10-15%
CO2 in oxygen, (c) (d) 20-25% CO2

have been normalized to represent 1 mg of mitochondrial

in oxygen. Traces

protein. R.C. ratios are indicated in parentheses to
‘the left of the traces. . Reaction conditions were 10 mM

succinate, 80-100 \M ADP, 0.4 mM KCN, 0.2 mM mCLAM, 15°C.
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TABLE 6. The effects of altering the atmosphere during germination of

Norquay -

Germination .Atmosphere . OxygenAUptakea
Initial Final 24 hr State 3 State 4 State 4 + CN
- Air : Air 70.4 35.4 6.3

Air 20% CO, 75.7 36.9 . o 12.1

in Oxygen ' :

20% CO, Air | 88.9 53,2 42.2
in Oxygen ' ’

2 Rates are for succinate oxidation in nmoles 0,/min/mg protein
at 15°C. Concentrations are given in Table 1.

51
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implied that protein synthe51s was probably involved rather than a
simple actlvatlon protein synthesis was apparently necessary to the
development of the alternate pathway in other tissues (Edwards et al., -
1976) .

The CO2 in tho germination chambers would have interacted with

" the water surrounding the seeds according to the following reaction

sequence (Umbreit et al., 1972).

CO2 (gas)::;:icoz (dlssolved)::;z:Hzco3 H ‘ f HCO

Therefore, an attempt was made to determine if the promotion of the

CN-insensitive pathway by CO2 was a consequence of the bicarbonate

- ion produced or perhaps the decreased pH. All calculations con-

sidered only the interaction of CO2 with pure water. From the tables
and equations outlined by Umbreit et al. (1972), at 20°C and 20%

C024(gas), the dissolved CO2 concentration should approximate 7.8 mM.

Since the chamber water was found to be pH 5-6 following germination

in 20% added C02, and using the value of 7.8 mM‘for CO2 (disso}ved),
the bicarbonate ion concentration was calculéted not to exceed 5 mM
Germlnatlon of Kharkov at pH 4.0 (10 mM acetate buffer) falled
to promote the CN-insensitive pathway (Table 7), although it d1d
appear to slow the growth as did the high concentratlons.of COZ' In

a second experiment Kharkov was germinated while continually moistened

. with a 10 mM bicarbonate solution; once again no promotion of the CN-

insensitive pathway was observed (Table 7). Although 1nconc1u51ve,

these results supported the contention that the active spec1es was

2, elther in the gaseous or dlssolved state.
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TABLE 7. Oxygen uptake by mitochondria isolated from Kharkov germlnated
either at low pH or 1n the presence of blcarbonate

Oxygen Uptakea

Imbibition o .
Solution State 3 State 4 ' State 4 + CN
H,0° ‘ 67.9 . 38.3 : 23.3

b -
pH 4.0 - . 65.9 , 37.2 _ -19.7
10 mM Kﬂco3 ' 88.9 47.0 22,0

2 Rates are for succinate ox1dat10n in nmoles Oy/min/mg protein. at
15°cC. Concentratlons are given in Table 1.

b 10 mM acetate buffer.
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to 30% CO2 due to the respiratory gases and lack of circulation.
Although the capacity of the alternate pathway was substantially
amplified by germination with COZ’ the shape of the Arrhenius plot

was not apparently altered (Fig. 10). The CN-insensitive rate was

still maximal near 15-20°C while the overall state 3 rate continued

to increase at least up to 30°C.

Mitochondria from Cold-Germinated Wheat

Kharkov germinated in the cold room (4—60C) required 3-4 weeks

to attain the same apparent_physio}ogical age aé wheat gerﬁihated
at 20-24°C for 3-4 days. It'was esfablished that the respiratory
characteristics of the mitochondria from.cold—gexminated whéat were
similar to those of mitoghondfia from Qheat gefminated at room tem- : ;
perature; apparently fhé cold treatﬁent did not promote the CN-
insensitive pathway. The Arrhenius plot for succinate oxidation by
mitochondria from cold-germinated Kharkov revealed that the CN-
insensitive rate again exhibited a maximum between 159C and 20°C
(Fig. 11).

Oxygen uptake by mitochondria from the spring cultivar, Neepawa,

was similarly unaffected by.the cold treatment (Fig. 12). The state
3 and state 4 rates yielded linear Arrhenius plots. As with Neepawa
germinated at room temperature, the CN-insensitive rates of cold-

. germinated Neepawa were too low to be consistently measured accurately

at all temperatures. However, the CN-insensitive respiration of cold
- germinated Neepawa never exceeded 14 nmoles 02/min/mg protein at any

temperature studied.
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Figure 10

Arrhenius plot of succinate oxidation by mitochondria o

from Kharkov germihated in 20% CO, in oxygen. The

2
lines represent state 3 (] ) and state 4 + CN (@ )

' ’ . o*® )
rates and activation energies E (kcal/mole) are indi-

cated beside each line. Values are the average of 2

isolates.
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Figure 11.

Arrhenius plot of succinate oxidation by mitochondria

from Kharkov germinated at low temperature (4«6°C).

The lines represent state 3 (|} ) and state 4 + CN

*
(@) and activation energies E (kcal/mole) are indi-

cated beside each line. .
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Figure 12

Arrhenius plot for the oxidation of succinate By mitochondria

isolated from‘Neepawa‘ germinated at 4-6°C. The lines repre- |

. . 3
sent state 3 () and state 4 ( A ). Activation energies E

(kcal/mole) are indicated beside each line.
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Mitochondrial Membrane Lipids

The fatty acid composition (Table 8) of the mitochondrial mem- |
brane fraction isolated from wheat germinated at roor témperature was
found to be siﬁilar to the composition reported by Miller et al.
(1974). The major fafty acid components included palmitic (19%),

. oleic (5%), linoleic (37%) and linolenic (37%) acids. Except fpr
minorfvgriations, the‘composition was similar for both Kharkov and
Neepawa mitochondria.

‘Germination of thé'whéat in the presence of 20-25% CO2 in oxygen
resulted in a marked alteration'in the unéatﬁrated fat%y acid com-
ponents (Table 8). Linoleic acid increased by 15%, uﬁder conditions
‘of high concentrations of COZ’
acid which decreased by 12%. However, the relative degree of un-

saturation of the membranes was constant.

" apparently at the expense of linolenic

- 62
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..... ~...». Fatty Acids (%)

Germination Palmitic Stearic Oleic Linoleic Linolenic
Cultivar Atmosphere (16:0) (18:0) (18:1)  (18:2) (18:3)
Kharkov Air  18.7 0.4 6.6 33.6 39.4
Kharkov 20% CO, = 18.1 0.2 4.4 . 48.4 26.5
' in Oxygen ’
Neepawa Air 18.3 0.3 4.2 39.6 $35.2
Neepawa 20% CO, 16.5 0.2 2.5 54.7 24.3
in Oxygen '
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GENERAL DISCUSSION

The isolation of mitochondriz from plant tissues has classically

been considered more difficult thzn from animal tissues, due to the

presence of the tough cell wall,‘high concentrations of organic acids
~ and oxidation products of polyphenols; differences observed between
plant and animal mitochondria were often attributed to artifacts of the

isolation of the plant mitochondria. Howevef, as recently reviewed by

Palmer (1976), many 'anomalies' observed in plaht mitochondria appar-

enfly reflegtvihherent differences between plant apd animai systems.
The wheat mitochondria isolated in this study‘were found to oxi-
dize ‘exogenous NADH in addition'to the Krebs cycie acids (Figs. 3'and'
4). Although cyanide and antimycin A failed to completely inhibit
NADH oxidation, the residual oxygsn uptake.was not inhibited by the
‘hydroxamic acid mCLAM. Thié suggested thaf either electrons from . i
"exogenous NADH did not haﬁe aécéss to fhe alternate pathway or tﬁey
entered after the boint of hydroxamic aéid inhibition.' Dufing the
course of this stﬁdy it was reported that exogenous NADH oxidation, by

isolated mitochondria, did not involve the (N-insensitive pathway in

sweet potato (Tomlinson and Morelznd, 1975) or agéd pofato slices
(Dizengremel and Lance, 1976j. Lambowitz et al. (1972) found that in

mitochondria isolated from 'poky' type Neurospora crassa, a cytochrome

deficient mutant which uses the Ch-insensitive pathway extensively,

electrons from exogenous NADH did reach the hydroxamic acid-sensitive
alternate pathway; this may indiczte an interesting difference between

the alternate pathway in the fungus mutant and that of higher plants.
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Succinate proved to be conducive to the study of CN-insensitive
respiration in wheat mitochondria; succinate oxidation was incompletely
inhibifed by either cyanide or mCLAM but was normally completely inhi-
bited in the presence of both cyanide (or antimycin A) and mCLAM.

This indicated that all of the oxygen uptake observed with succinate
was due to the operation of the cytochrome and alternate pathways only.

The cultivar dependence of CN-insensitive respiration (Zm vitro)
suggested tha£ certain'varietieg df wheat may respire more efficiently
than others, i.e. they may conserve more of the free-energy of sub-
strate oxidation in fhe form of ATP rather than expeﬂdihgvit as heat.
Kharkov mitochpndria apparéntly had the ability to ;wasteﬁ 34% of the
energy available from succinate oxidation at 15°C whereas Norquay.and
Neepawa could only 'waste' 8-9% (Table 1). The possibility of increas-
ing plant productivity by eliminating the alternate pathway has Been
‘discussed previously by Zelitch (1975). '
| Little is understood of CN-insensitive respiration and.it is
certainly possible, if not probable, that the plant may gain some édvan-
tage by maintaining both respiratory pathways; the apparent ubiduitous
nature of the a}ternate péthway supports this éoncept. "However, that
éultivar differenées shouldlexist implies that the plant need not
~maintain a high level of CN-insensifive respiratioh, whatever’role\it
fulfills.

The state 3 and state 4 respiratory rates demonstrated a tempera-

\

ture dependence typical of many enzymic reactions and yielded relatively

linear Arrhenius plots, i.e. the activation energies were constant over

the temperature ranges studied. In contrast to the results of the

i
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pfesent study of succinate oxidation, Pomeroy. and Andrews (1975) te-
ported a discontinuity in the Arrhenius plot of a-ketoglutarate oxida-
tion by Kharkovlmitoehondria. The above authors observed that the

respiratory rates decreased abruptly below 10-14°C with a resultant

increase in activation energy. Their results, together with those of

the present study, indicate that the rate-limiting steps may not be.
same for o-ketoglutarate and succinate ‘oxidation, at least not at
lower temperatures.’

Lyone ana Raison (1969) obtained linear Arrhenius plots for suc-
cinete o;idafion By mitochendria isolated from chilling-resistant

plants while plots for chilling-sensitive tissues were nonlinear and

66

exhibited an increased activation energy at lower temperatures. Since .

wheat could be considered extremely chilling-reeistant, the constant
activation energies obtained in the present study agreed with the con-
cepts of iyons.and Raison (1969). |

An inverse relationship between temperature and respirator& rate,
as observed for_CN—insensitive respiration-above 17-18°C (Figs. 6 and
7), has not been.previously reported for isolated mitochondriaAal-
though similar relatlonshlps have been observed: for whole tissues.
The respiratory rates of the philodendron (Nagy et aZ., 1972) and the
eastern skunk cabbage (Knutson, 1974) inflorescences increased as the
air temperature was lowered, enabling the tissue to maintain a rela-
tively constantvtemperature; both of these tissues are highly CN- .
insensitive. |

The cause of the inverse relationship between temperature and CN-

insensitive respiration at higher temperatures was not determined.
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Certainly enzymic reaction rates decfeaée as thekenzyme'denatures; but
15—200C‘was rélativelf low for denatuiation, especially coﬁsidering
that succinate oxidation (state‘s) exhibited no sign of decrea;ed rates
even at 30°C. Aithough the_decreased'oxygen soiubility'at higher‘
femperaturesvappeared a possible explahétion, it was estéblished that
the oxygen concentrations employed at all tempefatures were likely
- well abqve the apparent Km. | |

Minor chénges in the slopes of.Arrhenius‘plots of ﬁitochonrial
respiration have generally been attributed to phase.chahges in.thebv
mémbrane phospholipid and protein-lipid complexes wﬁich could aifer
the confofmation of membrane—associated_enzymés {Raison, 1973); ény
distinct‘change in the enZymé_coﬁfbfmation would probabiy‘be reflécted
in a changé.in the activation energy of the ¥eactions involVed. Per-
hapé, therefore a.change in the physicalbstate'of the mitochondiial{
membranes‘takes‘place a£ elevated températures which substantially"
alters the conformation or accessibiliff éf Some compoﬁent’of the CN-
binsensitive péthway’so as_fo hihder the feaction.‘ Recent.publicatioﬁs
| indicéfed that CN—insensitive‘respiratiﬁn of potato tubers was sensi-
tive to the state of the mitochOndriél membranes, with emphasis on the»i
phospholipid fraction (Athanasiés and Laties,‘i§76; Waring and‘Latiéé,
1976; Nakamura and Asahi, 1976) . Although fhe exact cause of the
»rather anomalous temperature response of the CN—insensitive fathway
- was not determined, the results indicated thétbthe éfféct wés predomi¥
nantly reversible (Table 4).
| Some consideration should be allotted to a recent proposal that"

the CN-insensitive reduction of oxygen proceeds by a one-electron .
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;ransfer to form superoxide (Oé—) or a two—e;ectron traﬁsfer to form
.hydrqgen peroxide (HZOZ), which would require a less sophisticated
oxidase than one capable of a four-electron transfer to form water
(Rich etbaZ., 1976). Catalase and péroxidase activities were reported
to be significant in plant mitochondria, even after density gradient
purification (Plespicar et al., 1967; Rich et al., 1976), and recently
a CN-insensitive superoxide dismutase was demonstrated in the matrix
of plant mitochondria (Arrdn et aZ.,'1976). If, for example, the
“initial product of the CN—insensitive'pathway was hydrogen peroxide;
then the oxygéh‘cdncentfation (agAmeaSured with the oxygen electréde)
'vﬁould depend not only upon the rate of production of hydrogen peroxide
but also uPon'the method of-breakddwn.ofAthe hydrogen peroxide, e.g.
the hydrogen peroxide could be decpmposea to water and oxygen by
catalase. Therefbre; measurement of oxygen concentrations alone would
not be suffiéient to adequately determine the course of reactions and
the anomalous temperature response of the CN-insensitive pathway may
refle;t a change in the ménnef of hydxogen-peroxide utilization. How-
ever,ithe evidéncerf Rich et al, (1976) that the initial product is
"hydrogen peroxide is far from conclusive.

Duriné the course of the present study it became apparené)that if
gases released;by plant tiséué were alloded to accumulate over germi-
nating wheat seeds, the’capacity of the CN-insens&tive pathway was
greatly enhanced. Although the plant hormone ethylene was initially
suspected as being the active comﬁonent, it was subsequently found
that addition or exclusion of ethylene from the germination atmosphere

did not affect the alternate pathway. Howéver, high concentrations of
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.cog (10;25%) were found effectiva in promoting CN—insensitive respira-
tion of wheat.seedliﬁgs. ~This promotion was even more dramatic if the
high COé conaentrations_were couplad with increased.oiygen_concentra-
-tion. These results indicated that oxygen plays a vital role in the
deveibpment or promotion of the CN-insensitive pathway of wheat;
otheré have found that oxygen was necessary to the development of CN-
insénsitive respira;ion in tuber slices (MagDoﬁald, 1968) and
ch;oramphenicol - grown rice sprouta (Maslov and Vartapetyan, 1974)7
Germinatibn df ﬁheat in purejoxygen did not increase the CN-insensitive
rate above that oﬁservad for wheat germinated in air, indicating that
oxygen was necessary‘but not suffiéient‘to promote the alteraate path-
way. In contrast, Wilson (1971) raporfed that inCreased.oxygen cbn-
centrations alone were sufficient to promote synthesis of tbe CN-
insensitive pathway of cul tured sycaaore (Acer pseudoplatanus) cells.
Reaently, Yentur and Leopoid (1976) presented evidence that during
soybean germlnatlon the CN- -insensitive pathway predominated for the
first 4-8 hr until a tran51t10n was made to CN-sensitive resplratlon
Yu et_aZ. (1976) also found with lettuce seeds that sa11cy1hydroxam1c
acid effectlvely 1nh1b1ted germination only in the first hours of
' imbiBition. Respiration of lettuce seed was previously known to be
only partially inhibited by cyanide (Mayer and Shain, 1974). When
lettuce seeds are warmed-to 30 many wiil enter a dormant state known
as thermodormahcy. Keys et al. (1975) recently outlined a rather
elaborate scheme for overcoming thermodormancy of lettuce seeds; one
point‘at which the germination was blockéd could'be overcome by adding

15% C02 to the germination chamber. Increasing the temperature from
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t

20°C to 30°C caused a decrease in the percent germination of lettuce
seeds (Keys et al., 1975), and in the present study, decreased the
CN-insensitive respiration of isolated wheat mitochondria; both the

percent germination and the CN-insensitive rate were increased, in the

respective tissues, by addition of high concentrations of CO Carbon

9
dioxide, often in high concentrations, has frequently been reported to
stimulate germination of various seed types (Koller et al., 1962).

The response of the.CN-insensitive pathway of wheat to gases and re-

. action temperature appéars to support the contention that the alternate
pathway may piay é signifiéant_rolé in-the iﬁitial sfages of seed |
germination..

‘The 1ipid composition of the mitochondrial membranes was examined
for various reasons. Recentlpublications linked CN—insensitivé res-
piration of potato tubers with the phospholipids of the mitochondrial
membrane (Athanasiés and Laties, 1976; Waring and Laties, 1976;
Nakamura and Asahi, 1976). Raison (1973) suggésted that the Arrhenius
plots of succinaté‘oxidAtion By plant mitochondria coﬁld reflect the

state of the membrane lipids. Therefore, it was felt that the promo-

tion of the CN—insensitivé'pathway by CO2 would perhaps parallel

changes in the mitochondrial lipid content. As shown in Table 8,

germination in the presence of C0,, besides promoting the alternate

2’

pathway, did significantly increase the percentage of linoleic acid

(18:2), apparently at the expense of linolenic acid (18:3).
Willemot and Stumpf (1967) reported that during the aging of
potato slices the de novo synthesis of linoleic acid from acetate—1-14C

increased from zero in the CN-sensitive fresh slices to one-third of
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the total fatty acid synthesis in the aged CN-insénsitive slices.
Abdelkader et al. (1969) examined the mitochondrial membranes during
aging of potato slices énd also reported a dramatic rise in the syn-
'theéis of di-unsaturated fatty:acids. Althdugh one cannot directly
compare the~pfom§tion of the CN-insensitive pathway in potatoes by
aging, with the promotion of the CN-insensitive pathway in wheat by
COé, it is interesting‘to note that the mitochondrial membrénes res-
pond to both promotions with an increase in linoleic acid.

Althqugh.the increased linoleic/linolenic acid ratio may han
paralieled thevprbmotion of the CN-insensitive respiration of whéat
mitochondria, it is doubfful the CN%insensitive capacity‘diréctiy
depended upon this ratio. Germination of wheat in the cold (4—6°C)
substantially decreases the linoleic/linoienic acid ratio (Miller
et al., 1974) and yet, as presently demcnstréfed, the CN-insensitive
capacity was unaffected.

The fact that germination in the cold (4—60C) did not pfomote
thé capacity of the CN-insensitive pathway in either the spiing
(Neepawa} or wintef.(Kharkov) cultivars'suggegfed that the alternate-
pathway wasvﬁot directly involved in cold tolerance in wheat. Even
the increase in the linoleic/linolenic acid ratio accompanying the
promotion of CN—insensitive.respiratioh by CO2 was opposite the change
in this ratio that accoﬁpanied céld hardening of wheat (Miller et al.,

1974).
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SUMMARY AND CONCLUSIONS

Cyanide-insensitive respiration was found to be active in the mito-
chondrial fraction isolated from etiolated wheat coleoptiles. Althoﬁgh
‘the mitochondria oxidized o-ketoglutarate and exogenous NADH rapidly,
succinate was found to be the more suitable substrate for the stud& of
this phenomenon. |

In contrast to -the cytochrome pathway, the CN-insensitive pathway
displayed a marked cultivar dependence (in vitro). Of the vafieties
examined, Kharkov maintained the highest capacity for CN-insensitive
respiration. Kharkov mitocﬁéndria could divert up to 34% of the elec-
tron flux from succinate oxidation (during stéte 3) tﬁrqugh the non-
phosphorylating alterqate pathway; Ulianovka couldvdivert 21% while
Neepawa and Norquay coula only divert 8-9%. Therefore, on the basis
of ATP production, some cultivars of wheat may respire more efficiently
" than others. |

The CN-insensitive pafhway of wheat was not promoted by exposure
to low temperétures;, The capacity of the.CN—insenSitive'pathway,_as
observed in the isolated mitochondria, was similér in wheat germinated
either at 4-6°C or 20-22°C. Also, when succinate oxidation ratesvwere
ﬁeasured at:various temperatﬁres, from 18°C down to ZOC,'it was ob-
served that the contribution of the élternate pathway to the overall
réspiration did not increase as the temperature was lowered. The above.
results suggested that thermogenesis was not a primary function of CN-
insensitive respiration in wheat.

Howefer, the CN-insensitive respiratory rate did exhibit a rather

unusual temperature dependence; the rate was maximal between 15° and 20°C.
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As the reaction temperature was further increased, the (N-insensitive
rate actually decreased. Decreased oxygen solubility at higher tempera-
tures did not appear to be responsible. Although no explanation for
Athis peculiar temperature dependence could be ascertained, two (of the
many) possibilities which deserve further investigation are: (1) the
conformation of some membrane—associated‘component of the alternate
pathway responds to a phase change in_the mitochondrial menbrane, or
20, but H202

and several oxygen-involving reactions (with different tempera-

(2) the initiai product of the alternate.pathway is not H
or Oé_
ture coefficients) compete simultaneously.
| Germinationﬂof'wheat'in the presence of high concentrations of COZ

(10-30%) dramatically increased4the CN-insensitive-capacity»of the
mitochondria.. This promotion was apparently dependent upon oxygen since
germination of wheat in.CQZ—oxygen mixtures resulted in mitochondria
‘with approximately tnice the CN-insensitive capacity -of mitochondria
from wheat germinated in corresponding CO -air mixtures. Although
oxygen was necessary for this promotion, germination in oxygen alone

did not promote the alternate pathway. Germlnation of:the wheat with
increased COé—oxygen mixtures also brought‘ahout'a significant change

in the mitochondrial lipids; the percentage of linoleic acid increased
substantially, mainly at the.expense of linolenic acid. The increase

in the linoleic/linolenic acid ratio and the promotion of the alternate
pathway, although both brought about by h1gh CO -oxygen mixtures, are
likely c01nc1denta1 rather than 1nterdependent effects. Although
ethylene may be intimately involved in the @romotion of CN-insensitive

respiration of various plant tissues, no role could be established for
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ethylene in the promotion of CNfinsensitive réspiration of wheat, either
in air or COz—oxygen mixtures. |

Although the concentrations of CO2 used in the present study
gfeatly exceed concentrations normally fresent in plant tiséues, it
should be remembered that tﬁese concentrations were chosen in order to
elicit the ﬁaximal (and undoubtedly completely abnormal) effect. It
is readiiy conceivable that a physiological role for CN-insensitive
respiration may exist and minor promotions of thelalternate pathway
céuld significantly-affect that role; such minor promotions could be
provided By the lev'els.of_CO2 which are‘knéwn to accumu{ate in plant

tissues under certain conditions.
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