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ABSTRACT

Measurements of respiration were made on intact tissue and mito-
chondria isolated from soybean (Glycine max [L.] Merr. cv 'Corsoy')
cotyledons from seedlings of different ages grown in light and darkness.
Effects of cyanide (KCN) and salicylhydroxamic acid (SHAM) on 02

uptake rates were determined. 02 uptake was faster in light-grown tissue
and was inhibited by both KCN and SHAM in all except light-rown
tissue older than 9 days. Both inhibitors stimulated 02 uptake in tissues
more than 9 days old. Mitochondria in which 02 uptake was coupled to
ATP synthesis were isolated from all tissues. 02 uptake by mitochondrial
preparations from light- and dark-grown cotyledons was equally sensitive
to KCN. Similarly, age did not affect KCN sensitivity, but sensitivity to
SHAM declined with age both in the presence and absence of KCN.
Estimated capacities of the cytochrome and alternative pathways of the
mitochondrial preparations indicated considerably larger cytochrome
than alternative pathway capacities. The cytochrome pathway capacities
paralleled the state 3 mitochondrial respiration rates, which increased
from day 5 to day 7 then declined thereafter. The alternative pathway
capacities were not affected by light. The uncoupler, p-trifluoromethox-
ycarbonylcyanide phenylhydrazone (FCCP), increased the flow of elec-
trons through the cytochrome pathway at the expense of flow through
the alternative pathway in isolated mitochondria. However, the combined
capacities did not exceed the rate in the presence of FCCP. The results
are interpreted to indicate that the stimulation of respiration by KCN
and SHAM observed in the 12-day-old green cotyledons and previously
observed in older soybean leaves is not explained by characteristics of
the mitochondria.

According to recent reviews (7, 12), the alternative respiratory
pathway is widely distributed among various plant systems, and
considerable efforts have been devoted to its study. However,
questions still remain concerning some of the basic aspects of
the path, including its activity in vivo and features governing its
appearance in plant tissues. Among the complicating factors are
the confounding effects of respiratory inhibitors in intact tissues
ofcertain plants (2, 11, 14). De Visser and Blacquiere (2) reported
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a stimulatory effect ofSHAM3 at 5 mM and inhibition at 25 mM
in roots ofPisum sativum and Plantago species. Spreen-Brouwer
et al. (14) reported a similar response in intact roots of Pisum
and maize (Zea mays L.) and suggested a solution for avoiding
the stimulatory effect in estimating the alternative pathway. In
recent studies with soybean leaf tissue (11), we reported on the
age-dependent stimulation of 02 uptake by both cyanide and
SHAM when applied individually. We interpreted the stimula-
tions by cyanide and SHAM as suggesting the presence of large
alternative path capacities in these tissues. One major question
is whether these unusual respiratory characteristics occur only in
certain tissues of the soybean plant and whether they reflect
mitochondrial activity.
Whereas there is some information concerning the nature of

the respiratory pathways operating during imbibition and the
earliest stages of soybean germination (8, 13, 18), there seem to
be few reports of alternative path respiration in developing
soybean seedlings. There is some evidence (16) that respiration
of cotyledons from light-grown soybean seedlings is strongly
cyanide resistant and may even be stimulated. Accordingly, we
have examined the effects ofKCN and SHAM on the respiration
of cotyledons of developing soybean seedlings. Measurements
included tissue and mitochondria respiration of both dark- and
light-grown seedlings.

MATERIALS AND METHODS

Plant Material. Soybean (Glycine max [L.] Merr. cv Corsoy)
seedlings were grown under both dark and light conditions. The
seeds, surface-sterilized by soaking for 10 min in 5% NaOCl and
washed in distilled H20, either were planted in moist vermiculite
in vegetable crispers (25 x 19 x 9 cm rigid plastic boxes) or were
rolled in moist germination paper (31 x 31 cm) and grown in
the dark at 30 + 2°C. The rolls were placed on end in a glass jar
with 100 ml of distilled water in the bottom, with water added
as required. The top of the jar was sealed with an inverted
polyethylene bag. Seeds were also planted in 25-cm plastic pots
containing a 1: 1:1 mixture of soil, sand, and perlite and grown
in a glasshouse under 14-h photoperiod.
Measurement of Cotyledon Respiration. Discs, 0.5 cm2, were

punched from the central region of cotyledons and rinsed in
chilled, distilled H20. Cotyledons were pooled from five separate
plants from each of three replications. For each separate meas-
urement, five discs were used, and 02 uptake was measured
polarographically at 25°C by using a Clark-type 02 electrode and
conditions described previously (11). Cotyledon age is expressed
in days, with 'day zero' being the day on which the seeds were
planted.

3Abbreviations: SHAM, salicylhydroxamic acid; FCCP, p-trifluoro-
methoxycarbonylcyanide phenylhydrazone.
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Isolation of Mitochondria. Mitochondria were isolated from
cotyledons of dark-grown seedlings as described by Day and
Hanson (1) and as modified by Elthon et al. (4).
Cotyledons from light-grown seedlings were disrupted in a

Polytron homogenizer (Kinematica) for 10 s at a setting of 7 in
2 volumes of ice-cold grinding rhedium (0.4M mannitol, 1 mM
EDTA, 50 mm Tris [pH 7.2], 1mM MgCl2, 8 mM cysteine, 5
mg/ml BSA, and 5% insoluble PVP). The homogenate was
filtered through four layers of cheesecloth plus one layer of
Miracloth and was centrifuged at 5,000g for 2 min. The lipid
layer, when present, was carefully aspirated, and the supernatant
was decanted and centrifuged again at 19,500g for5 min. The
resulting pellets were resuspended and combined in a total of 40
ml wash buffer (0.4 m mannitol, 10 mM Tris [pH 7.2], 5 mg/ml
BSA). The suspension was centrifuged at 5,000g for 2 min. The
resulting supernatant was removed and centrifuged at 19,500g
for 5 min. The pellet was resuspended in 3 ml wash buffer and
layered onto a discontinuous Percoll gradient. The Percoll gra-
dient was prepared with final concentrations of 15, 27, and 55%
Percoll, each containing 0.4M m#innitol, 10 mM Tris (pH 7.2),
and 1 mg/ml BSA. Each gradient comprised 8 ml of 55%, 16 ml
of 27%, and 12 ml of 15% Percoll. The gradient was centrifuged
at 7,700g for 30 min. The material that accumulated at the
interface of 27/55% Percoll was collected with a bent-tip Pasteur
pipette, washed in 40 ml gradient wash buffer (0.4 M mannitol,
10 mm Tris [pH 7.2], and 1 mg/ml BSA) and sedimented at
9,500g for 15 min. The superatant was carefully aspirated. The
pellet was resuspended in 40 ml gradient wash medium, and the
centrifugation was repeated. The pellet of purified mitochondria
was suspended in a final volume of 1.5 ml of the standard
reaction medium consisting of 0.4 M mannitol, 10 mM Tris, 5
mM KH2PO4, and 1 mg/ml BSA (pH 7.2). Mitochondria isolated
by this procedure were coupled and utilized NADH, succinate,
or glycine as substrates.

Mitochondrial Respiration. Mitochondrial 02 consumption
was measured polarographically with a Clark 02 electrode (Yel-
low Spring Instrument), and with NADH and succinate as sub-
strates, at 25°C in 2 ml of reaction medium. Final substrate
concentrations were 10 mm for succinate and 1 mM for NADH.
When succinate was the respiratory substrate, mitochondria were
pretreated with 85 M ATP. State 3 respiration was induced by
addition of 200 nmol ADP. When inhibiors (KCN and/or
SHAM) were used, they were added to mitochondria in state 3
after two cycles of ADP addition. FCCP was added during state
4 respiration after one cycle of ADP addition. KCN and SHAM
were used at a final concentration of 2 mm, FCCP at 1 ,uM. KCN
was dissolved in distilled H20 and FCCP in 95% (v/v) ethanol/
H20. SHAM was initially dissolved in just enough 95% ethanol
and then brought to a final volume of 2 ml with distilled H20,
and the pH was adjusted to 7.2 with KOH. Stock solutions were
made fresh each time.
The electrode was calibrated against air-saturated water at

25°C, in which 02 concentration was taken as 250 M. Each
experiment was conducted three times, and duplicate assays
performed each time.

Protein Determination. Protein was first precipitated by addi-
tion of 0.1 ml of 10% (w/v) trichloroacetic acid to 0.1 ml of the
mitochondrial suspension. The pellet was redissolved in 0.2 ml
of 0.4 N NaOH. The protein was then measured by the method
of Lowry et al. (9) with BSA (fraction V) as standard.

RESULTS

Cotyledon Respiration. The effects of KCN and SHAM on the
02 uptake rates of cotyledon discs from both dark- and light-
grown seedlings, as a function of seedling age, are shown in
Figure 1. Oxygen uptake rates of cotyledons from light-grown
seedlings were higher than those of cotyledons from dark-grown
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FIG. 1. Effect of KCN and SHAM on respiration of soybean cotyle-
don discs as a function of seedling age and growth conditions. Data
points represent the mean of three independent determinations with a
set of five seedlings each. 02 uptake was measured polarographically at
25°C in 5.0 ml distilled water. Control rates are the rates before addition
of inhibitors. Rates in the presence of inhibitors were taken after 30 min
exposure to the inhibitor in a stirred, 02-electrode cuvette, with the
solution being aerated before the rate was measured. KCN and SHAM
were used at a final concentration of 1 and 10 mM, respectively. Bars
indicate SE.

seedlings during the early stages of development. After 9 d,
however, the difference in the 02 uptake rates decreased as a
result of a decline of respiration in the light-grown seedlings.
The response to inhibitors of cotyledons from dark-grown

seedlings was quite different from that of cotyledons from light-
grown seedlings. Both showed a relatively high resistance to both
KCN and SHAM when the inhibitors were applied individually.
However, whereas 02 uptake by cotyledons from dark-grown
seedlings showed a somewhat greater and consistent level of
sensitivity to both KCN and SHAM over the age period studied,
the level of sensitivity in cotyledons from light-grown seedlings
diminished with seedling age. Stimulation of as much as 30 to
40% by both inhibitors was observed after 9 d of growth. The
response pattern observed with cotyledons from light-grown
seedlings is similar to that reported by Tuquet and Dizengremel
(16) for whole cotyledons of light-grown soybean seedlings. They
did not detect cyanide stimulation until after 12 d of growth. In
the presence of both KCN and SHAM, 02 uptake was totally
eliminated in both cotyledon types, except at ages 7 and 9 d
when residual rates amounting to about 10% of control rates
were observed (data not shown).

Mitochondrial Respiration. Figure 2 shows 02 electrode traces
depicting the effect of the sequential addition of ADP, KCN, and
SHAM on coupled soybean cotyledon mitochondria. Inhibitors
were used at a final concentration of 2 mm to ensure complete
inhibition of the respective pathways. Mitochondria isolated
from cotyledons of both dark- and light-grown soybean seedlings
exhibited active cyanide-resistant oxidation of succinate and
NADH. Glycine was also oxidized by mitochondria from light-
grown seedlings, and this oxidation was also cyanide-resistant
(data not shown). Although the differences in growth conditions
may preclude direct comparison, it is perhaps worth noting that,
for the most part, 02 uptake rates of mitochondria from light-
grown seedlings were considerably higher than those of mito-
chondria from dark-grown seedlings. This difference is in con-
sonance with the respiration rates observed with the intact coty-
ledon tissues (Fig. 1).
The relative amounts of cyanide- and SHAM-sensitive respi-
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FIG. 2. Mitochondrial 02 consumption traces. Traces are from differ-
ent preparations of mitochondria isolated from cotyledons of 9-d-old
light-grown (A) and dark-grown (B and C) seedlings. 02 uptake assays

were conducted at 25'C in 2.0 ml standard reaction medium at pH 7.2.
Numerical values represent nmol 02/min mg protein. State 3 to state 4
transitions have been sharpened to facilitate calculations of ADP/0. All
other factors were as described in "Materials and Methods."

ration at various ages and with NADH and succinate as substrates
are shown in Table I. Oxygen uptake rates by mitochondria from
cotyledons of both light-grown and etiolated seedlings were
equally strongly inhibited by KCN. Succinate oxidation was,
however, less sensitive to inhibition by KCN. The greater cya-
nide-resistant respiration observed with succinate as substrate is
consistent with the view that the ubiquinone pool associated
with external NADH dehydrogenase and that associated with
succinate dehydrogenase are not equally accessible to the alter-
native pathway. Succinate dehydrogenase may have a more
specific association with the alternative oxidase (7, 10).
The age of light-grown cotyledons from which mitochondria

were isolated did not seem to influence the degree of sensitivity
to KCN. Inhibition by SHAM in the presence of KCN, the
standard estimation of the alternative pathway capacity, re-
mained unchanged over the period studied. Thus, the ratio of
the two pathways remained constant. Cotyledon mitochondria
from etiolated plants behaved differently. Sensitivity to KCN
increased with seedling age, and sensitivity to SHAM in the
presence of KCN decreased over time. In etiolated cotyledons,
mitochondrial oxidation of NADH was increasingly dominated
by the Cyt pathway as the relative contribution from the alter-
native pathway declined. In the presence of both KCN and
SHAM, 02 uptake during the entire growth period was inhibited
by 92% or more.

Capacities of Cyt and Alternative Pathways. To ascertain
whether the inhibitor responses observed with cotyledon discs

reflected changes in the relative capacities of mitochondrial
electron transport pathways, we measured the capacities of Cyt
and alternative pathways for both light- and dark-grown seedlings
and with NADH (Fig. 3) as substrate. 02 uptake in mitochondria
from all ages was coupled to phosphorylation. The average
respiratory control ratio was 1.8. Throughout the growth period
studied, the estimated Cyt capacity tended to be considerably
larger than that of the alternative pathway for both NADH and
succinate (data not shown) and for both dark- and light-grown
seedlings. Total respiration (state 3) peaked on d 7, declining
thereafter. This pattern was closely paralleled by the estimated
Cyt capacity. In contrast, the estimated alternative path capacity
tended to decline consistently with seedling age. Similar results
(not shown) were observed with succinate as substrate.

Because the level of the electrochemical gradient present can
influence the measurable Cyt chain capacity and may also have
an influence on flow ofelectrons through the alternative pathway
(3), the capacities of the Cyt and alternative pathways were
measured in the presence of FCCP by using NADH as the
substrate. The oxidation of exogenous NADH is well suited for
investigating the effects of the electrochemical gradient because
its oxidation is not dependent upon transport processes. FCCP
was used to abolish the electrochemical proton gradient to allow
maximum electron flux through the respiratory pathways. The
addition of FCCP resulted in increased oxidation at all seedling
ages studied (Fig. 4), indicating that the initial rate of NADH
oxidation was limited by the magnitude of the electrochemical
gradient (3). Thus, rates were more sensitive to cyanide in the
presence of SHAM. In contrast, the rates were less sensitive to
SHAM in the presence of cyanide, in both light- and dark-grown
seedlings. Thus, when the initial rates of 02 uptake are measured
in the absence of FCCP, there is electron flow through both
pathways. In the presence of FCCP, the initial rate is stimulated
because the electrochemical gradient has been abolished. Under
these conditions, the sensitivity to cyanide in the presence of
SHAM is greater because electron flow through the Cyt pathway
was not restricted by the electrochemical gradient before cyanide
was added.
Our interpretation of the lesser sensitivity to SHAM in the

presence of cyanide in the FCCP-treated cotyledons is that the
uncoupling effect of FCCP caused diversion of electrons from
the alternative pathway. When cyanide was added, electrons
were not diverted back, thus less apparent SHAM inhibition was
observed. However, the combined Cyt and alternative pathways
did not exceed the rate in the presence of FCCP, indicating that
the combined capacities did not exceed the NADH dehydrogen-
ase capacity (4).

DISCUSSION

In recent studies from this laboratory (11), we have reported
the stimulation of 02 uptake by intact tissues of mature soybean

Table I. Inhibition by KCN and SHAM in Mitochondria Isolatedfrom Cotyledons ofLight-Grown and
Etiolated Soybean Seedlings

Substrates were 1 mM NADH and 10 mM succinate. Inhibition of 02 uptake is expressed as percentage of
the state 3 rate after addition of 2 mm KCN or 2 mM SHAM. Values presented are means from three different
preparations ± SE.

02 Uptake (% of uninhibited state 3 rate)
Inhibitor

5d 9d 12d

NADH Succ NADH Succ NADH Succ
Light-Grown

KCN alone 29 ± 3 59 ± 3 23 ± 3 48 ± 5 25 ± 5
SHAMinpresenceofKCN 5± 1 4±4 8±2 25±5 5±3

Dark-Grown
KCN alone 40 ± 2 50 ± 4 23 ± 3 40 ± 2 16 ± 1 62 ± 3
SHAM in presence of KCN 4 ± 2 3 ± 1 4 ± 3 3 ± 1 7 ± 1 3 ± 2
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FIG. 3. Measurable capacities of the Cyt and alternative pathways in
isolated soybean cotyledon mitochondria as a function of seedling age
and with NADH as substrate. The Cyt capacity is the rate insensitive to
2 mm SHAM minus the residual rate after subsequent addition of 2 mM
KCN. The capacity of the alternative path was estimated as the 2 mM
KCN-insensitive rate minus the residual rate after the subsequent addi-
tion of SHAM. Data represent the mean of three experiments. State 3
rate was induced with addition of 200 nmol ADP. All other conditions
were as described in "Materials and Methods." Rates are means from
three different preparations + SE.

leaves in the presence of either KCN or SHAM. We interpreted
our results on the basis of the relative capacities and activities of
the two mitochondrial electron transport pathways and suggested
the presence of a potentially large SHAM-sensitive alternative
path in soybean leaves. We now present further data indicating
that the stimulation of 02 uptake by KCN and SHAM is also
observed in cotyledonary tissue from light-grown soybean seed-
lings beyond 9 d of growth. However, in combination, KCN and
SHAM were inhibitory. KCN-stimulated 02 uptake in cotyle-
dons of light-grown soybean seedlings has been observed previ-
ously (16). This is the first report of SHAM-stimulated 02 uptake
in soybean cotyledonary tissue, although it has been observed in
roots of pea (2) and maize plants (14) and in leaves of soybean
plants (1 1). It is of interest that the inhibitor sensitivity pattern
of 02 uptake by cotyledonary tissue of light-grown seedlings
differed markedly from that observed with cotyledonary tissue
of etiolated seedlings. Oxygen uptake by etiolated cotyledonary
tissue was cyanide- and SHAM-resistant throughout the growth
period studied, but in no case was 02 uptake stimulated by either
KCN or SHAM. The 40 to 60% and 10 to 30% inhibition of 02
uptake in etiolated cotyledonary tissue by KCN and SHAM,
respectively, is quite typical of intact tissues (6). It would seem
that the stimulations of 02 uptake in the soybean plant by
respiratory inhibitors are observed only with green tissues. Tetley
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FIG. 4. Effect of the electrochemical gradient on measurable capaci-
ties of the Cyt and alternative paths in isolated soybean cotyledon
mitochondria at different ages of light- and dark-grown seedlings. Assays
were initiated upon addition of 1 mm NADH. The initial 02 uptake rates
in the presence of 1 /Lm FCCP are represented along with the capacities
of the Cyt and alternative paths. The clear bars represent the correspond-
ing rates in the absence of FCCP. Data represent the mean of three
experiments. To allow for plotting of the data, all rates were normalized
to the average initial rates (in the presence and absence of FCCP). Rates
are from three different preparations ± SE.

and Thimann (15), in considering the contrast between the
cyanide inhibition ofthe respiration ofetiolated oat (Avena sativa
L.) leaves and the cyanide promotion of the respiration of green
leaves, reached a similar conclusion and suggested an association
between the KCN-stimulated system and the development ofthe
photosynthetic apparatus. Perhaps there is a similar association
between the mechanism responsible for SHAM stimulation and
the development of the photosynthetic apparatus.
The stimulation of 02 uptake by cyanide has been interpreted

as a result of decreased ATP production which in turn stimulates
carbohydrate catabolism. The electrons produced are transferred
to 02 via the alternative pathway (5). If this interpretation is
correct, then the unused capacity ofthe alternative pathway must
exceed the activity of the Cyt pathway. Our measurements of the
capacity of the alternative pathway in green cotyledons indicate
rather low capacities ofthe alternative pathway and the capacities
decline with age. The capacity was lowest when cyanide stimu-
lation was greatest. These results do not seem consistent with the
mechanism of cyanide stimulation stated above.
The stimulation of 02 uptake by SHAM is very difficult to

interpret because of the known side effects of SHAM. One such
effect is the stimulation of a peroxidase (2, 14, 17). This peroxi-
dase has been suggested as possibly responsible for SHAM stim-
ulation (14). However, in potato callus tissue, hydroxamates
stimulate 02 uptake only in the presence of exogenous NADH.
Thus, this peroxidase does not appear to function in 02 uptake
in potato callus (17). Soybean leaves contain this SHAM stimu-
lated peroxidase (M Miller, unpublished data) but no role in 02
uptake in the absence of SHAM can yet be assigned to it. We
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have only observed SHAM stimulation in green tissue whereas
the peroxidase has been measured in several nongreen tissues
(14, 17).
Although there are reports in the literature of cyanide stimu-

lation of respiration and ofSHAM stimulation of respiration, we
are not aware of other tissues where stimulation by both com-
pounds is observed. Based on previously suggested explanations
of these stimulations, it seems unlikely the two are linked. It
remains to be determined what it is about green soybean tissues
that differ from other photosynthetic tissues in which 02 uptake
is not stimulated by either cyanide or SHAM or both.
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