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ABSTRACT

The contribution of the alternative pathway in root respiration of
Pisum sati'um L. cv Rondo, Plantago laneolata L., and Plantago major
L. ssp major was determined by titration with salicylhydroxamate
(SHAM) in the absence and presence of cyanide. SHAM completely
inhibited the cyanide-resistant component of root respiration at 5 to 10
millimolar with an apparent Ki of 600 micromolar. In contrast, SHAM
enhanced pea root respiration by 30% at most, at concentrations below
15 millimolar. An unknown oxidase appeared to be responsible for this
stimulation. Its maximum activity in the presence of low SHAM concen-
trations (1-5 millimolar) was 40% of control respiration rate in pea roots,
since 25 millimolar SHAM resulted in 10% inhibition. In plantain roots,
the maximum activity was found to be 15%. This hydroxamate-activated
oxidase was distinct from the cytochrome path by its resistance to
antimycin. The results of titrations with cyanide and antimycin indicated
that high SHAM concentrations (up to 25 millimolar) block the hydrox-
amate-activated oxidase, but do not affect the cytochrome path and,
therefore, are a reliable tool for estimating the activity of the alternative
path in vivo. A considerable fraction of root respiration was mediated by
the alternative path in plantain (45%) and pea (15%), in the latter because
of the saturation of the cytochrome path.

The presence of the cyanide-resistant alternative pathway of
electron transfer in mitochondria and intact tissues of many
higher plant species is now well established (5, 11, 15, 23).
However, the activity of this pathway in vivo is still a matter in
dispute (5, 15, 20 versus 11, 13). Whatever the physiological
significance, alternative path activity points to a lower ATP yield
of oxidative phosphorylation than the maximum of 3 ATP/O.
Therefore, determination of the in vivo activity is required for
calculating the energy costs of metabolic processes in plants (7,
14).
To gain information on the activity of the alternative path in

isolated mitochondria, hydroxamates are commonly used as
inhibitors because of their specificity at low concentrations (1
mM range; 5, 13, 15, 22). Interpretation of inhibition by hydrox-
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amates in vivo, however, is complicated by (a) the presence of
other hydroxamate-sensitive oxidases (4, 20), and (b) the possi-
bility that hydroxamate affects the activity of the Cyt path, i.e.
by inhibition (13, 22, 27), or by diversion of electrons from the
alternative path to an unsaturated Cyt path (5, 25). The latter
possibility is supported by recent findings (6) indicating that the
alternative path is engaged in the presence ofan unsaturated Cyt
path in roots of spinach, wheat, and maize. Inhibition of the
alternative path which is attended with a lower rate of ATP
production (17), will lead to an increased flux of electrons
through the Cyt chain in such roots (5). The activity of the
alternative path is thus underestimated by 33 to 100%, depending
on the engagement of bypasses of site one (10, 16, 18) and/or
site two (21, 26).

In this paper we examine the effects of a hydroxamate,
SHAM3, on root respiration of pea and plantain. We conclude
that the Cyt path is not affected by SHAM. However, an un-
known cyanide-sensitive oxidase appears to be present, which is
activated by low hydroxamate concentrations and by an uncou-
pler, and is resistant to antimycin.

MATERIALS AND METHODS

Plant Material. Plants of Pisum sativum L. cv Rondo, Plan-
tago lanceolata L., and Plantago major L. ssp major were grown
in controlled environment cabinets in culture solutions as de-
scribed previously (7, 12). Nutrients were supplied as described
by Smakman and Hofstra (24). The temperature was 20C. The
light period was 12 h for Plantago and 16 h for Pisum. The age
of the plants was 2 weeks for Pisum and 5 weeks for Plantago.

Respirtion Measurements. Oxygen uptake by intact roots was
measured polarographically with an YSI (Yellow Springs Instru-
ments) model 53 oxygen monitor, as described by Lambers et
al. ( 12). The composition of the nutrient solution was the same
as during growth, except for the absence of iron, which chelates
with SHAM. The temperature was 20C. The pH was 6.0. Four
(Pisum) or six (Plantago) intact root systems were used per
measurement, unless indicated otherwise. Each titration curve
was determined by successive addition of inhibitor to one set of
roots. The maximum time required to complete one titration
experiment was 1.5 h. Respiration rate of intact roots declined
in the absence of inhibitor with 15%/h, due to a decreasing
substrate supply to the electron transfer paths. The capacities of
the electron transport paths did not change throughout the
measurement. The nutrient solution was renewed when the

3Abbreviations: SHAM, salicylhydroxamic acid; CCCP, carbonyl-
cyanide m-chlorophenyl hydrazone; HOX, hydroxamate-activated oxi-
dase.
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oxygen concentration declined below 70% of air saturation. The
effects of SHAM, cyanide, CCCP, and antimycin on root respi-
ration rate stabilized within 5 min after addition ofthe inhibitor.
Antimycin A and CCCP were dissolved in ethanol to give a stock
solution of 50 and 2 mm, respectively. Ethanol did not affect
respiration at the concentrations used in these experiments.

Analysis of Titration Data. Root respiration in the presence of
various concentrations of SHAM was measured both in the
absence and presence of KCN. For each SHAM concentration,
rates of respiration in the presence of SHAM alone (VT) were
plotted against those obtained in the presence of both SHAM
and KCN (g(i)a1, + Vres), essentially as described by Bahr and
Bonner (3) for isolated mitochondria and Theologis and Laties
(25) for potato slices. This pa,,-plot is described by the following
equation:

VT = p.g(i)al, + VYc + Vres (1)

where VT is total respiratory activity which equals VT, the total
respiratory capacity, in case p = 1 and the Cyt path is saturated,
v,, is the actual activity of the Cyt path and V, is residual
respiration, resistant to both cyanide and hydroxamate. The term
p -g(i) represents the actual contribution of the alternative path
in the absence of inhibitor, where g(i) is the capacity of the
alternative path as a function ofthe hydroxamate concentration,
and p is a number between 0 and 1, being the fraction of the
alternative path capacity which is actually engaged in root res-
piration.
To test ifhydroxamate affects the activity ofthe Cyt path, root

respiration was titrated with cyanide in the absence and presence
of hydroxamate. At a range ofgiven cyanide concentrations, the
contribution of the Cyt path to root respiration in the absence
of hydroxamate (VT) was plotted against that in the presence of
hydroxamate (g(i)¢,, + Vrs). The slope of the resulting straight
line gives pc,,, i.e. the fraction of the Cyt path capacity which
contributes to root respiration in the absence of inhibitors. This
p,,-plot is described by:

VT = pg(i)cy + Valh + Vres (2)
The estimated value of pcYI will be 1 if hydroxamate does not
affect the activity of the Cyt path, <1 if hydroxamate stimulates,
and >1 if hydroxamate inhibits the electron flow through the

Cyt path.
Biochemials. CCCP, SHAM, and antimycin A were obtained
from Sigma Chemical Company.

RESULTS AND DISCUSSION
Effects of Hydroxamate on Root Respiration. Pea root respi-

ration was stimulated 30% at most, by SHAM concentrations
up to 15mM, even at concentrations which completely block the
CN-resistant alternative path (5-10 mM; Fig. IA). Consequently,
the padrplots were not linear (Fig. 1B). This was an unknown
phenomenon in higher plant respiration. According to the gen-
erally accepted three-component model of intact tissue respira-
tion (cf equation 1), the CN-sensitive, hydroxamate-activated
oxidase must be identical with the Cyt path. This conclusion is
unattractive for at least two reasons. Firt, it is unlikely that a
stimulation of the Cyt path can exceed the inhibition of the
alternative path by SHAM (see "Introduction"). Second, a direct
activation ofthe Cyt path by hydroxamates has not been reported
in respiration studies (5, 15, 22, 23). These findings and consid-
erations lead us to investigate (a) the occurrence of a hydroxa-
mate-activated oxidase in roots of other plant species, and (b)
the nature and activity of the hydroxamate-activated oxidase.
Root respiration of two plantain species was titrated with

SHAM. The presence of a hydroxamate-activated oxidase was
demonstrated in roots ofboth P. major (Fig. 2) and P. lanceolata
(Fig. 3), as shown most clearly by the parplots (Figs. 2B and 3B),
and by the K, values for SHAM in the absence and presence of
cyanide (Table I). At concentrations below 5 mm, SHAM in-
hibited plantain root respiration less in the absence than in the
presence ofcyanide (P < 0.05).

Inactivation of cyanide by SHAM in wheat roots has been
reported to cause non-linear pa,rplots (13), but was essentially
absent in roots of the present species. This is evident from the
fact that residual respiration could not be blocked by the use of
higher cyanide concentrations (1 mM) as shown for P. lanceolata
(Fig. 3), which is unlike data of Lambers et ad. (13) on wheat
roots. Moreover, Vrn in pea roots did not increase with the
concentration of SHAM (Figs. IA and 4A). Nonspecific effects
ofSHAM as observed in experiments with Tetrahymena pyrifor-
mis (28) were not apparent from our data on pea and plantain.
We conclude that activation of a cyanide-sensitive oxidase by

ouncoupled
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FIG. 1. Effect ofSHAM on root respiration of P.
- -w sativnu in the absence (0) and presence of 0.4 mM

KCN (0) or uncoupler (2pm CCCP, A). 100% equals
6.0 mgO2-h-' *g-' dryroots. Eachsymbol isthe mean
of three to six independent determinations. Bars in-
dicate 2 x SE (A). B, VTas a function of g(i)* + V,,
(pplot); data from A.

SHAM concentration (mM)

814 1PI-ant Physiol. Vol. 75,1984

g(i) alt + .7res %



EFFECTS OF HYDROXAMATE ON ROOT RESPIRATION

1 .-

SHAM concentration (mM)

,p=0.8

I I

20 40
9(i) alt + Vres %

60

FIG. 2. Effect of SHAM on root respiration of P.
major ssp major in the absence (0) and presence (0) of
0.4 mm KCN. 100% equals 7.3 mg 02-h-'.g-' dry
roots. Each symbol represents the mean of three inde-
pendent determinations. Bars indicate 2 x SE (A). B, VT
as a function of g(i)a,d + Vr,E (pd,rplot); data from A.

FIG. 3. Effect of SHAM on root respiration of P.
lanceolata in the absence (0) and presence (0) of I mm
KCN. 100% equals 7.5 mg 02.h-' *g' dry roots (A). B,
pdt-plot. For further information, see the legend to
Figure 2.

Table I. K1 Values for Inhibition ofRoot Respiration by SHAM and
Cyanide

Values for P. sativum, P. lanceolata, and P. major ssp major were
estimated from Dixon-plots (8) of cyanide and SHAM titration data.
Concentrations ofKCN and SHAM were 0.4 and 25 mm, respectively.

K1 ofSHAM K, of Cyanide
Species

Control + KCN Control + SHAM

mM AsM
P. sativum 15.0 0.8 15 15
P. lanceolata 4.5 1.1 10 ND"
P. major 1.4 0.4 25 ND

' Not determined.

SHAM is the only factor causing nonlinearity of the pai,-plots. In
plantain roots, the extent of stimulation of the cyanide-sensitive
oxidase by SHAM was less than the inhibition of the alternative
path (Figs. 2 and 3), and was less than the stimulation of pea
root respiration (Fig. 1). Therefore, hydroxamate effects on res-

piration were studied in detail on the latter tissue.
Nature of the Hydroxamate-Activated Oxidase (HOX). The

SHAM-stimulated oxidase is characterized by the following prop-
erties. First, the oxidase is cyanide-sensitive (Figs. IA, 2A, and
3A), with a K1which is well within the range of K1 values reported
for cyanide-sensitive respiration in wheat leaves (2), wheat roots
(13), and tomato roots (9). Second, the oxidase is inhibited by
high concentrations of SHAM, the K, being one order of magni-
tude higher than the K1 of the alternative oxidase in pea roots
(Table I). Third, the oxidase is stimulated by uncoupler (Fig.
IA), since the capacities of the Cyt and alternative paths and the
residual respiration (80, 43, and 10% of the control) fail to
account for the rate of uncoupled root respiration (163% of the
control). The consequent suggestion that SHAM affects the
activity of the Cyt path was scrutinized by titrating pea root
respiration with cyanide in the absence and presence of 5 or 25
mM SHAM (Fig. 4). The results were analyzed using equation 2.
SHAM was equally effective in inhibiting cyanide-resistant

respiration at 5 mM as well as at 25 mM. Root respiration showed
the same cyanide-sensitivity, whether SHAM was absent or
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FIG. 4. A, Effect of cyanide (KCN) on
the rate of root respiration of P. sativum, in
the absence (0) and presence of 5 (A) or 25
(0) mM SHAM. Each symbol represents one
determination (+ SHAM) or the mean of
three independent determinations (-
SHAM). Bars indicate 2 x SE. 100% equals
6.0 mg 02-h-' g-' dry roots. Inset, Dixon-
plot (8). B, VT as a function of g(i)c,, + Vres
(porplot).
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FIG. 5. Effect of antimycin A on root respiration of P. sativum in the
presence of 25 mm SHAM (0) or 5 mm SHAM (A). Each symbol
represents one determination with a set of two root systems (A). B,
pCo,plot: antimycin-resistant respiration in the presence of S mm SHAM
(VT) as a function of that in the presence of 25 mm SHAM (g(i),. + V,,,).
Respiration rates in per cent of control rate (7.2 mg 02-h-'-g-' dry
roots).

present at 25 mm (p^..'I 1.0; (Fig. 4B). According to the criterion
formulated in "Materials and Methods," 25 mm SHAM had no
detectable effect on the activity of the Cyt path. An important
implication of this result is that 25 mm SHAM is enough for
inhibiting HOX and, therefore, can be used for determination of
alternative path activity in vivo. This could not be deduced from
the SHAM titrations shown in Figure IA. In addition, we have
evidence that the Cyt path in pea roots was saturated, since
uncoupler did not stimulate respiration in the presence of25 mm
SHAM (Fig. IA). The alternative path was engaged (paI/t= 0.3)
because the Cyt path was flooded with electrons. This situation
is akin to that in bean roots (6). Both HOX and the alternative
path became engaged upon uncoupling root respiration (Fig.
IA), presumably via a Pasteur effiect (5).
However, 5 mM SHAM seemed to stimulate the Cyt path, as

indicated by the p,.', value lower than 1.0 in the cyanide concen-
tration range up to 0.1I mm (Fig. 4B). This idea was tested by
titrations with antimycin A. Figure S shows that antimycin-
sensitive respiration equaled 50% of uninhibited respiration,
whether the hydroxamate-activated oxidase was engaged (5 mm
SHAM) or not (25 mM SHAM). The linear relationship between
VT and g(i),-. + V,.,., (Fig. SB), with a slope p,.., equal to 1.0,

demonstrates that the engagement of Cyt path was the same in
the presence of 5 and 25 mm SHAM. An uncoupler-like action
ofSHAM at low concentratios in vivo cannot be ruled out as yet
(however, see below).

Summarizing, we conclude that the Cyt path in pea roots is
not stimulated by low concentrations of hydroxamate, nor is it
inhibited by high concentrations. Two possibilities remain. Hy-
droxamate may accelerate electron flow through the antimycin-
resistant part of the Cyt chain which includes site 3 (5, 21). This
is judged to be unlikely, since such a phenomenon has never
been described for isolated mitochondria. On the other hand,
hydroxamate may activate another, possibly nonmitochondrial
oxidase. Three sources of evidence suggest that HOX is a per-
oxidase. First, some peroxidase reactions involve oxygen uptake
(4). Second, peroxidase activity is present in pea roots (19). Third,
the oxidation of ferrocyanide by horseradish peroxidase is stim-
ulated by low and inhibited by high concentrations of benzhy-
droxamate (1).

Activity of the Hydroxamate-Activated Oxidase (HOX). The
maximum activities of HOX, as calculated from the difference
between the respiration rates in the presence of 5 and 25 mm
SHAM, ranged from 35 to 45% (Figs. IA, 4A, and SA). Contri-
bution of a significant part of this capacity of HOX to root
respiration in situ would have been detected in the cyanide
titration experiment (Fig. 4), yielding a p,, value higher than 1.0.
Consequently, we conclude that HOX does not contribute to
pea root respiration in the absence of inhibitors. Therefore, use
of 25 mm SHAM appears to be a reliable tool for estimating
alternative path activity in pea roots.

Activity of the Alternative Path. The extent of engagement of
the alternative path, i.e. Pa/i, was calculated as the quotient
(inhibition by 25 mm SHAM):(resistance to cyanide minus Vres).
In plantain roots, a high engagement of the alternative path was
found (Figs. 2 and 3), in accordance with data on roots ofcotton,
tomato, and wheat (6, 13). A low alternative path engagement,
as observed in pea roots (Fig. 1), has also been reported for other
legumes (6, 13). Thus, evidence is presented that the alternative
oxidase is not only present, but also active in intact roots,
contributing a significant proportion to root respiration of pea
(15%) and plantain (45%). In pea roots, the alternative path was
operative since the Cyt path was saturated.
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