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ABSTRACT

The respiration of mitochondria isolated from various
plant tissues was studied over a range of mitochondrial
concentrations and at various times after isolation. Res-
piration at 25 C expressed as nanomoles of 02 per minute
per milligram of protein was constant for mitochondrial
concentrations higher than some critical amount, usually
0.25 to 1.0 milligram of protein per reaction. Below this con-
centration the state 3 respiration rate declined and the mi-
tochondria appeared to lose respiratory control. The res.
piration ofisolatedmitochondria stored in ice but measured
at 25 C generally declined over long time periods although
mitochondria from some tissues showed an initial increase.
The results indicate that valid comparisons of the respira-
tory activity of mitochondria isolated from different tissues
or from different parts of the same tissue cannot be made
at least until the influence of the above factors has been
evaluated.

A number of workers have described methods of isolating
tightly coupled mitochondria which are applicable to a variety of
plant tissues (cf. Reference 2). However, little attention has been
given to the characteristics of the isolated mitochondria which
may influence the interpretation of comparative studies (5, 11,
14). In a study of the effect of temperature on the oxidative
activity and phosphorylative efficiency of mitochondria isolated
from a variety of plant tissues (8) it became apparent that oxida-
tive activity and the capacity to demonstrate respiratory control
were greatly influenced by the quantity of mitochondrial protein
in the assay system and by changes occurring during storage of
the isolated mitochondria. A study was therefore undertaken to
evaluate these conditions imposed by the assay system which can
affect the respiration of isolated mitochondria but do not have
any physiological implications.
The results presented here show that the respiration rate of

plant mitochondria, expressed as nanomoles of 02 per min per
mg of protein, is not proportional to the amount of protein in
the assay system and, below a certain critical mitochondrial
concentration, there is an apparent loss of respiratory control.
Furthermore, mitochondria isolated from some plant tissues and
stored at 0 C increase in oxidative activity during the 1st hr after
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isolation, when measured at 25 C; subsequently the activity
declines. These results clearly show the importance of selecting
reaction conditions such that valid evaluations can be made of the
respiration and phosphorylative capacity of mitochondria isolated
from a variety of tissues.

MATERIALS AND METHODS

Plant Material. Mitochondria were prepared from the follow-
ing plants: mature green tomato fruit (Lycopersicon esculentum
Mill. cv. Grosse Lisse); sweet potato roots (Ipomoea batatas L.
cv. White Maltese); cucumber fruit (Cucumus sativus L.); potato
tubers (Solanum tuberosum L. cv. Sebago); cauliflower buds
(Brassica oleraceae L. var. botrytis); beet roots (Beta vulgaris L.);
avocado fruit (Persea gratissma, cv. Fuerte) and pear fruit (Pyrus
communis L. cv. Packham). The avocado and pear fruit were
harvested at the hard green stage and tomato fruit at the mature
green stage from commercial plantings. All other plant material
was purchased from local markets and was of high visual quality
and free of defects. The cauliflower, cucumber, and beet root were
of unknown cultivars.

Preparation of Mtochondria. The pericarp tissue of tomato,
cucumber, and pear fruit was separated from the seeds and pla-
cental material and cut into sections. Potato, sweet potato, beet
root, cucumber, and pear sections were peeled and washed in
distilled water. Avocado fruit was thinly peeled and the fruit
tissue was divided into two fractions: the outer green layer and
the pure yellow tissue near the seed. Only the outer 2 to 4 mm of
cauliflower were used and with the other prepared tissues chilled
in crushed ice. The tissue (usually 1 kg) was macerated in a com-
mercial juice extractor (9) with continuous addition of isolating
medium and filtered through a double layer of Miracloth
(Chicopee Mills, Inc., New York, N.Y.) forming a lining in the
juice extractor basket, or through several layers of muslin after
discharge from the juice extractor. For potato and tomato tissue,
the Miracloth lining was coated with a 2- to 4-mm layer (10-15 g)
of Dicalite 4200 (Grefco, Inc., Dicalite Division, Torrance,
Calif.). The use of Dicalite effectively removed large starch grains
and cell debris and provided an easier separation of the mito-
chondrial fraction in the first stages of centrifugation. Usually
the tissue to isolating medium ratio was 1 :1 (w/v); with avocado
and pears 300 g of prepared tissue were macerated with 1200 ml of
medium. The pH of the macerated tissue was maintained at 7.2 by
dropwise addition of 2 N KOH. Because of the high water content,
1 kg of cucumber tissue was macerated with 500 ml of isolating
medium containing all components at three times the concentra-
tions shown below. Pear mitochondria were prepared as described
by Romani, Yu, and Fisher (12).
The isolating medium consisted of 0.5 M mannitol, 0.01 M KCl,

0.005 M EDTA, 0.025 M tris, 0.002 M MgCl2, 0.004 M cysteine
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hydrochloride, and 0.5 mg/ml BSA2 (Fraction V; Sigma Chemical

Co., St. Louis, Mo.) all adjusted to pH 7.6. The wash medium

consisted of 0.5 mannitol, 0.01 KCl, 0.001 M MgCl2, 0.01 M

tris, 0.01 KH2PO4, and 0.5 mg/ml BSA, adjusted to pH 7.2.

The BSA was extracted three times with A.R. grade diethyl ether

before use.

The mitochondria were isolated by centrifuging the tissue brei

at 2,500g for 15 min, discarding the pellet, and centrifuging the

supernatant at 11,700g for 20 min. The resulting pellet was

resuspended in approximately 240 ml of wash medium and cen-

trifuged at 1,900g for 10 min. The resulting pellet was again

discarded and the supernatant was centrifuged at 7,700g for 15

min. The final pellet was suspended in wash medium to give a

protein concentration of 10 to 15 mg/ml.
Oxidative Activity. Oxygen uptake was measured polarograph-

ically with a Clark 02 electrode in a reaction vessel of 4.2 ml total

volume. The electrode was calibrated with air-saturated water

(4). The reaction medium contained 0.25 sucrose, 0.01 tris,

0.01 K2HPO4, 0.005 M MgC12, 0.005 EDTA, 0.5 mg/ml

BSA, adjusted to pH 7.2 with HCI. Succinate was used at the

substrate for oxidation at a concentration of 3.3 mm. Additions

of ADP, 150 to 370 nmoles, were made to the reaction vessels in

2- to 5-,ul amounts. ADP:O ratios and respiratory control (RC)

ratios (i.e., the ratio of state 3 to state 4 respiration rates) were

calculated as shown by Estabrook (3). ADP (Sigma Chemical

Co.) was prepared as an approximately 70 mm solution in 0.1

tris buffer, pH 7.2; the actual concentration was estimated by the

spectrophotometric determination of the oxidation of NADH

with a coupled lactate dehydrogenase (EC 1.1.1.27)-pyruvate

kinase (EC 2.7.1.40) system as described by Atkinson, Burton,

and Morton (1). Protein was estimated by the method of Lowry

et al. (7).

RESULTS AND DISCUSSION

Effect ofMitochondrial Protein Concentration on Respiratory

Activity. During preliminary investigations, it was noted that the

state 3 respiration rate of isolated mitochondria was not directly

proportional to the quantity of mitochondrial protein used in the

reaction mixture. At low protein concentrations (0.25 mg per

reaction) mitochondria from each of the tissues exhibited a low

rate of succinate oxidation and showed no increase in respiration

in response to the addition of ADP, and thus they appeared to

lack respiratory control. However, when the concentration of

these same mitochondria was increased to approximately 1.0 mg

of protein per reaction, there was an increase in the rate of

respiration and a response to the addition of ADP, and the

mitochondria now exhibited respiratory control. Since the varia-

tion in the rate of respiration, which appeared to depend on the

concentration of mitochondrial protein in the reaction mixture,

would greatly confound comparisons of other factors influencing

the respiration rate, and there was no information available on

this point, it was considered important to investigate this param-

eter of mitochondrial respiration.
As shown in Figure 1, when respiration was expressed as a

function of the protein concentration (nanomolesof 02 per min

per mg of protein) and compared to the amount of mitochondrial

protein in the reaction mixture, the state 3 respiration rate was

relatively constant for a range of protein above some critical

quantity which varied with mitochondria from different tissues.

However, when the amount of mitochondrial protein was de-

creased below the critical quantity, the state 3 rate declined

sharply to a value approximately equal to the state 4 rate. Under

these conditions the mitochondria appeared to have lost respira-

tory control. The critical range of mitochondrial protein con-

2 Abbreviation: BSA: bovine serum albumin.
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FIG. 1. The effect of protein concentration on the respiration of

mitochondria at 25 C. Both the state 3 (0) and state 4 (0) rates of
respiration were determined from an average of at least three cycles of
ADP additions. Points shown as (e) indicate that there was no detect-
able difference between the state 3 and the state 4 respiration rates, i.e.,
no respiratory control.

centration for the different tissues fell between 0.25 mg per
reaction for mitochondria from potato (Fig. 1) and the green
tissue of avocado to 1.0 mg per reaction for mitochondria from
cauliflower (Fig. 1). The relationship between the respiration and
protein concentration for mitochondria from the yellow tissue of
avocado fruit, pear fruit, and sweet potato were similar to the
relationship shown for beet root (Fig. 1). With mitochondria
from beet root and potato tubers (Fig. 1) and from tomato fruit,
variations of aslittle as 0.1 mg of protein per reaction in the
region of the critical amount halved the state 3 rate. It was also
noted with beet root and cauliflower mitochondria (Fig. 1) that in
addition to the sharp decrease in state 3 respiration for reactions
containing protein below the critical concentration, further reduc-
tion in the amount of protein resulted in an increase in the state 3
respiration rate and, in the case of mitochondria from cauliflower,
enhanced respiratory control.
Although it was not the purpose of this study to make a detailed

investigation of the factors associated with the observed decrease
in respiration rate at low protein concentration, it was found that
the addition of cytochrome c (6.0,ug per reaction) partially over-
came the reduction in state 3 respiration caused by low concentra-
tions of protein but did not restore respiration to the level
obtained with higher amounts of protein. Cytochrome c was not
limiting state 3 respiration at protein concentrations in excess of
the critical amount since no stimulation was observed on its
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addition to these reactions. Thus, with a single preparation of
mitochondria, if reactions are carried out at protein concentra-
tions above the critical level, the mitochondria exhibit the
essential criteria for "intactness" defined by Bonner (2). But,
below this critical level of protein concentration, the mitochondria
do not exhibit the same degree of intactness and the rate of
respiration is dependent on the reaction conditions rather than
on the physiological properties of the mitochondria.

Effect of Time of Storage on Activity of Isolated Mitochondria.
Sarkissian and Srivastava (13) have shown that the changes in
respiration rate which occur during storage at 0 C vary depending
on the method used to isolate the mitochondria. Thus, in com-
parative studies, real differences in the activity of mitochondria
from the same tissue can be easily masked by differential changes
during storage. Since these differential changes would be further
compounded in comparative studies involving mitochondria from
a variety of tissues, the change in activity with time of storage of
mitochondria from a number of different tissues was investigated.
As shown in Figure 2, marked differences in the changes which

occurred with time after isolation were observed in the mito-
chondria from the different tissues studied. Mitochondria from
avocado (Fig. 2) exhibited a decline in state 3 respiration over a
period of 4 hr, as did those from tomato, pear fruit, beet root,
and cauliflower buds. However, mitochondria from sweet potato
(Fig. 2) and potato showed an initial rise in activity, within the
1st hr after isolation, after which time the activity declined. The
magnitude of the rise in activity in the 1st hr of storage varied
with different preparations of mitochondria from sweet potato
and potato, but the increase was always observed. Little change
was observed in the activity of mitochondria from cucumber
fruit over a 5-hr period.

Because there was usually little change in the state 4 respiration
during storage, when the state 3 respiration rate remained rela-
tively constant (cucumber and sweet potato, Fig. 2), there was
little change in the respiratory control ratio of the isolated mito-
chondria. However, where a marked decline in state 3 respiration
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FIG. 2. Changes in the state 3 (-) and state 4 ((

of mitochondria with time of storage. The isolati
stored as a suspension (6-50 mg of mitochondri
ice for the times indicated and allowed to reac

shown as e is as indicated in Figure 1.

occurred, for example, avocado fruit (Fig. 2), there was an
over-all decrease in the respiratory control ratio.

Differences in the rate of change occurring after isolation in
both respiration rate and respiratory control of mitochondria
from different tissues or even different portions of the same tissue
(Fig. 2) probably reflect variations in the cellular content of
compounds such as polyphenols which are released during macer-
ation of the tissue and which are known to affect mitochondrial
respiration (6). Deterioration of both respiration and respiratory
control of mitochondria undoubtedly occurs during isolation.
Palmer (10) and Sarkissian and Srivastava (13) have shown that
the respiratory control of isolated mitochondria is diminished as
the time involved in isolating the mitochondria increases. The
decrease in both state 3 respiration and respiratory control shown
by mitochondria isolated from avocado fruit, for example (Fig.
2), is probably a continuation of the deterioration process initi-
ated during isolation. Hobson et al. (5) obtained mitochondria
from the inner yellow portion of avocado fruit harvested at the
hard green stage (early preclimacteric) which exhibited respira-
tory control, but they were unable to observe respiratory control
with mitochondria isolated from the outer green tissue. The ap-
parent disagreement between the results of Hobson et al. (5) and
those shown in Figure 2 could easily reflect differences in the rate
of deterioration of mitochondrial activity which occurs during
isolation and storage.

CONCLUSION

Because of variability in both respiration rate and respiratory
control of isolated mitochondria as a function of protein concen-
tration and changes occurring during isolation and storage, it is
apparent that extreme caution must be exercised in both the
interpretation and the application of results obtained with isolated
mitochondria. For example, the inability to demonstrate respira-
tory control in preparations of isolated mitochondria depends on
the concentration of protein in the reaction mixture (Fig. 1) and
the time of assay after isolation (Fig. 2) and does not necessarily
reflect the true capacity of these mitochondria. Therefore, the
absence of respiratory control and in some cases the magnitude of
the respiratory control ratio of isolated mitochondria cannot be
used as a criterion in relating the biochemical behavior of mito-
chondria to cellular metabolism. Similarly, the respiration rate
of isolated mitochondria is influenced by these factors and, in
making direct comparisons of mitochondrial respiration of prepa-
rations from different tissues, or even different preparations of the
same tissue, these factors must be considered.
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