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The herbicide bromoxynil (3,5-dibromo-4-hydroxybenzonitrile) 
was tested on mitochondria from etiolated pea (Pisum safivum 1. 
cv Alaska) stems. This compound when used at micromolar con- 
centrations (-20 p ~ )  inhibited malate- and succinate-dependent 
respiration by intad mitochondria but not oxidation of exogenously 
added NADH. Bromoxynil did not affed the adivities of the suc- 
cinic and the internal NADH dehydrogenases. Analyses of the 
effects induced by this herbicide on the membrane potential, ApH, 
matrix Caz+ movements, and dicarboxylate transport demonstrated 
that bromoxynil is likely to a d  as an inhibitor of the dicarboxylate 
carrier. In addition, bromoxynil caused a mild membrane uncou- 
pling at concentrations 220 p ~ .  No effed on the ATPase adivity 
was observed. 

BX (3,5-dibromo-4-hydroxybenzonitrile) is a contact her- 
bicide widely used by postemergence application to control 
seedling broad-leaved weeds in cereal crops (genera Triticum, 
Oryza, Sorghum, Zea), flax (Linum vulgaris), garlic (Allium 
sativum), onion (Allium cepa), and in newly sown turf 
(Worthing and Hance, 1991). BX belongs to the group of 
hydroxybenzonitriles, classified as herbicides with a broad 
spectrum of activity because they act in both photosynthesis 
and respiration (Worthing and Hance, 1991). Indeed, BX has 
been reported to bind isolated PSII reaction centers (Giardi 
et al., 1988), to inhibit respiratory electron transport (Wor- 
thing and Hance, 1991), and to be effective in uncoupling 
oxidative phosphorylation within plant tissues (Carpenter 
and Heywood, 1963; Wain, 1963). To our knowledge, how- 
ever, there have been no reports about the specific effects of 
BX on isolated higher plant mitochondria. In this respect, we 
have examined the effects of variable concentrations of this 
herbicide on severa1 bioenergetics parameters of plant mito- 
chondria from etiolated pea (Pisum sativum L. cv Alaska) 
stems. The present work demonstrates that BX is a mild 
uncoupling agent of the mitochondrial A# and an inhibitor 
of the dicarboxylate camer. Our conclusions with isolated 
plant mitochondria support and extend previous observations 
in intact plant tissues. 
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MATERIALS AND METHODS 

Plant Material, lsolation of Mitochondria, and SMP 

Etiolated pea (Pisum sativum L. cv Alaska) stems were 
obtained by growing plants for 7 to 8 d in the dark at 25OC 
and 70% RH. Mitochondria were isolated from pea stems as 
described in detail by Zottini and Zannoni (1993). SMP were 
prepared by following the sonication method as described by 
Moore and Proudlove (1983). 

Assays 

The A# was monitored by following the fluorescence signal 
variations of the lipophilic cation safranine O according to 
Zottini et al. (1993). A11 experiments were camed out at 28OC 
in a reaction assay consisting of 0.8 mg of mitochondrial 
proteins resuspended in 2 mL of 300 m~ mannitol, 20 m~ 
Hepes (pH 7.2). 

The ApH was measured in SMP using the fluorescent dye 
ACMA (excitation = 410 nm, emission = 500 nm). A11 deter- 
minations were performed at 28OC with 0.1 mg of SMP 
resuspended in 2 mL of 300 mM mannitol, 50 m glycyl-Gly 
(pH 8.2), 1 mM MgC12, 50 m~ KCl, 0.1 mg/mL valinomycin, 
and 5 PM ACMA. The signal was quantified according to 
Huang et al. (1983) and Rottemberg (1979), assuming an 
SMP internal volume of 1.5 PL mg-I protein as determined 
by Papa et al. (1973). 

The free mitochondrial matrix Caz+ was monitored using 
the fluorescent probe fluo-3 (Memtt et al., 1990). Fluo-3 
fluorescence was measured in a Jasco (Easton, MD) FP-770 
spectrofluorimeter at 505 nm excitation, 530 nm emission. 
Quantitative matrix Ca2+ determinations were performed as 
described by Williams (1990). Mitochondria, suspended at 
the final concentration of 3 mg/mL in 300 m~ mannitol, 20 
m Hepes buffer (pH 7.2), 0.1% BSA, were loaded for 20 to 
30 min at 29OC with 5 PM fluo-3/AM. The ATP hydrolysis 
was detected with the use of the ammonium molybdate 
reagent as described by Dufour et al. (1988). 

O2 uptake was measured in a Yellow Springs (Yellow 
Springs, OH) model 5331 oxygen electrode at 28OC. The 

Abbreviations: ACMA, 9-amino-3-chloro-7-methoxyacridine; BX, 
bromoxynil; A$, membrane potential; FCCP, carbonyl cyanide p -  
trifluoromethoxyphenyl hydrazone; NEM, N-ethylmaleimide; SMP, 
submitochondrial particles. - 
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Figure 1. Ceneration of a mitochondrial A+ as detected by the 
quenching of safranine O fluorescence coupled to NADH (A), malate 
(B), succinate (C) ,  and pyruvate oxidations (D) and ATP hydrolysis 
(E) in the presence (interrupted line) or in t h e  absence (continuous 
line) of BX. Pea stem mitochondria (0.265 mg/mL) were suspended 
in 0.3 M mannitol, 20 m M  Hepes (pH 7.4), and 1 m M  MgCI2. 
Safranine O was added at a final concentration of 6 ~ L M  correspond- 
ing to 24 nmol mg-' protein. Additions were succinate (SUC, 2 mM), 
malate (Mal, 10 mM),  NADH (0.5 mM), pyruvate (Pyr, 5 mM), ATP (1 
mM), and BX (8 KM). Where indicated, FCCP (360 ng mg-' protein) 
and oligomycin (Oligo, 10 ng mg-' protein) were added. The traces 
represent typical results of five different mitochondrial.preparations. 

suspension medium contained 0.3 M mannitol, 20 m~ Hepes 
buffer/O.l% BSA (pH 7.2), and 0.5 tb 1 mg/mL mitochondrial 
proteins. 

Mitochondrial swelling as an indicator for metabolite up- 
take was measured by the addltion of 50 to 60 pL of mito- 
chondria (corresponding to about 1 mg of protein) to a 2-mL 
suspension containing 5 mM Tes buffer (pH 7.4), 0.1 m~ 
EGTA, 1 PM antimycin A, and 100 m~ NH,+ salt of the 
dicarboxylate indicated. When indicated, 5 m~ NH4+ phos- 
phate or 5 PM valinomycin was added. The decrease of A546 

(at 25OC) was measured with an Hitachi photometer. NEM, 
mersalyl, and BX were preincubated for 2 min with mito- 
chondria before the addition of phosphate. Protein content 
was determined by the Bradford procedure (Bradford, 1976) 
with BSA as the standard. BX (Aldrich Chemie) was dissolved 
in ethyl alcohol(99.7%). 

RESULTS AND DISCUSSION 

Effeds of BX on A$ and ApH 

To define the effect of BX on bioenergetics of pea stem 
mitochondria, the A$ and ApH values generated by the 
oxidation of NADH, pyruvate, malate, succinate, and by ATP 
hydrolysis were examined. Figure 1 (dotted traces) shows 
that low concentrations of BX (10 PM) did not affect signifi- 
cantly the A$ induced by oxidation of extemal NADH (trace 

A), but that this herbicide was quite effective in inhibiting 
the A$ with inalate and pyruvate as respiratory substrates 
(traces B and D) and also when the A$ was generated by 
ATP hydrolysis (trace E). Notably, the inhibitory effect of BX 
on the A$ generated by succinate respiration (trxe C) was 
time dependent and was evident only after 2 inin of the 
substrate addition. The reason for this phenomenon is un- 
known. The severe inhibition of A$ generated by ATP hy- 
drolysis (trace E) might be due to uncoupling properties of 
BX, as proposed by Wain (1963), and/or to inhibition of the 
ATPase complex. 

To clarify this point, the ATPase activity by pea stem SMP 
was tested as a function of variable concentratiors (from 5-  
20 p ~ )  of BX. The results (not shown) indicated that BX does 
not inhibit the ATPase activity of pea stem mitoc hondria to 
support the role of BX as uncoupling agent. These data, along 
with those of Figure 1, suggest that the herbicidal activity of 
BX in isolated plant mitochondria is due to both imcoupling 
of oxidative phosphorylation (trace E), as previously observed 
in intact plant tissues (Wain 1963), and to inhibition of 
respiration (traces in B, C, and D). This inhibition, however, 
does not seem to be located at the electron transport level, 
because oxidation of cytosolic NADH is not affe-ted by BX 
(trace A, see also below). 

On the other hand, the striking difference bvtween the 
effects of BX on A$ generated by NADH and the effects 
observed with malate, succinate, and pyruvate as respiratory 
substrates and with ATP (traces B, C, D, and E) might be 
explained by a higher efficiency of the NADH-dependent 
respiratory system in maintaining a consistent A$ in the 
presence of 10 p~ BX (see Fig. 5). The pattem o [  the mito- 
chondrial A$ generated by NADH (.), malatv (A), and 
succinate (O) as a function of increasing concentrations of BX 
is shown in Figure 2. It is noteworthy that the va1u.s reported 
were operationally taken after 2 min of the substrate addition 
and in the presence of the protonophore nigericin (50 ng/mg 
protein) to emphasize the effect of BX on A+. Apparently, 
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Figure 2. Mitochondrial A+ as a function of increasing concentra- 
tions of BX. Mitochondria (0.265 mg/mL) were energized by oxi- 
dation of 0.2 m M  NADH (W), 2 mM succinate (O), or 10 mM malate 
(A). Conditions were as for Figure 1 except for the  presence of 
nigericin (50 ng mg-' protein) in the  assay before substr&e addition 
(see text for fur ther  details). 
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the A+ was strongly repressed (90-mV drop) by BX only with 
malate or succinate as respiratory substrates, whereas the A+ 
generated by NADH oxidation was only slightly inhibited 
(20-mV decrease) by 15 HM BX. To fully analyze the effect of 
BX on the electrochemical proton gradient, the mitochondrial 
ApH (expressed as ZApH) generated by ATP hydrolysis as a 
function of variable BX concentrations was also tested. As 
shown in Figure 3, a considerable inhibition of the ZApH 
(from 210 to 160 mV) that follows ATP hydrolysis by SMPs 
becomes evident only at 30 PM BX. This latter result suggests 
that BX is a poor proton translocator when used at concen- 
trations 510 WM. 

Effects of BX on Mitochondrial Caz+ Movements 

It has been demonstrated that plant mitochondrial Caz+ 
uptake is strongly repressed by uncoupling agents and by the 
sulfhydryl-inhibitor group reagent mersalyl (Rugolo et al., 
1990; Silva et al., 1992). Figure 4 illustrates the effects of BX 
on mitochondrial Ca2+ transport as monitored by the fluores- 
cent dye fluo-3. Both succinate and NADH were able to raise 
the matrix free Ca2+ concentration from a basal value of 
approximately 150 to 170 nM to a maximal value of approx- 
imately 300 nM with NADH (trace a) and 280 nM with 
succinate (trace d). However, although the Ca2+ uptake was 
drastically repressed by the uncoupling agent FCCP with 
both substrates (traces c and f), the herbicide BX (5 p ~ )  
inhibited the free Ca2+ movements only in the presence of 
succinate (compare trace b, NADH, with trace e, succinate). 
Thus, in contrast to FCCP, the uncoupling effect of 5 PM BX 
does not seem to be sufficient to inhibit Ca2+ uptake by pea 
stem mitochondria. 

8o I 

O 10 20 30 
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Figure 3. Effect of BX on the ApH as determined by distribution of 
the fluorescent dye ACMA in pea stem SMP energized by ATP 
hydrolysis. Data are expressed as ZApH (mV). SMP (0.3 mg/mL) 
were incubated in 0.3 M mannitol, 50 mM glycil-Gly (pH 7.8), 1 mM 
MgC12, 50 mM KCI, and valinomycin (330 ng mg-' protein). ACMA 
was used at a concentration of 5 PM (corresponding to 17 nmol 
mg-' mitochondrial protein). 
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Figure 4. Effects of BX on CaZ+ movements into fluo-3-loaded 
mitochondria from P. sativum stems. Fluo-3-loaded mitochondria 
(0.3 mg/mL) were resuspended in 2 mL of 0.3 mannitol, 20 mM 
Hepes (pH 7.2). Respiratory substrates were NADH (0.5 mM; ex- 
periments in a, b, and c) and succinate (2.5 mM; experiments in d, 
e, and f). Where indicated (arrows from the top to the bottom), 
EGTA (first addition, 1 mM; second addition, 5 mM), BX (3 PM), 
FCCP (0.75 p ~ ) ,  ionomycin (lono, 2 PM), and Ca2+ (open large 
arrows and vertical bars below, two additions up to 0.5 mM externa1 
free Ca2+) were added. Numbers along the traces represent the 
concentrations of mitochondrial matrix-free CaZ+ (nM). 

Effects of BX on Respiratory Activities in lntact 
Mitochondria and SMPs 

In Figure 5 the polarographic traces of malate, succinate, 
and NADH oxidations by pea stem mitochondria in the 
presence or in the absence of various inhibitors are shown. 
It is apparent that a significant (10-30%) amount of respira- 
tion insensitive to antimycin A but sensitive to salicylhydrox- 
amic acid is present (traces B and D); in addition, a certain 
effect of BX (20 PM) on succinate and malate oxidation is seen 
(37 and 30% inhibition, respectively; traces B and G), whereas 
the respiratory activity catalyzed by exogenously added 
NADH was 22% stimulated by this herbicide (trace E). A 
very low respiratory activity (BX insensitive, not shown) was 
observed with pyruvate, whereas no respiration was seen 
with Gly (not shown). In this latter case, the lack of Gly- 
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Figure 5. Oxidation of malate (A, B, and C), NADH (D and E), and 
succinate (F and G) by pea stem mitochondria as a function of 
various inhibitors. Assay conditions were as described in "Materials 
and Methods." Additions and abbreviations: antimycin A (AA, 1 
p ~ ) ,  FCCP (360 ng mg-' protein), n-butylmalonate (n-But, 10 mM), 
salicylhydroxamic acid (SHAM, 1 mM), succinate (SUC, 5 mM), malate 
(Mal, 10 mM), NADH (0.5 mM), ADP (224 p ~ ) ,  BX (8 p ~ ) .  In A, 6, 
and C, thiamine pyrophosphate (0.2 mM) and NAD (0.1 r n M )  were 
also present. Numbers along the traces are nmol O2 min-' mg-' 
protein. 

dependent respiration might be due to the fact that Gly- 
decarboxylase is light induced and that it is virtually absent 
in mitochondria from etiolated plant tissues (Kromer and 
Heldt, 1991). Figure 5 (trace C) also shows that malate 
respiration is 80% inhibited by n-butylmalonate; conversely, 
the sulfhydryl reagents NEM and mersalyl were slightly 
effective in inhibiting malate respiration (30 and 35% inhi- 
bition, respectively) (not shown). 

It has previously been established that succinic and 
NAD(P)H dehydrogenases deliver reducing equivalents to 
the ubiquinone/bcl oxidoreductase complex (Mbller and Lin, 
1986). Thus, the results of Figure 5 suggest that the inhibition 
of malate and succinate respiration by BX might reflect two 
possible sites of inhibition: (a) the succinic and NADH (inter- 
nal) dehydrogenase complexes, and/or (b) the mitochondrial 
dicarboxylate camer. To select between these possibilities we 
tested the oxidative activities by SMP to avoid the involve- 
ment of the dicarboxylate camer. The results shown in Table 
I indicate that the succinate dehydrogenase (measured as 2,6- 
dichloroindophenol reduction in the presence of both 1 ~ L M  

antimycin A and 1 CN-) and the NADH oxidation are 
insensitive to BX, whereas the succinate-Cyt c oxidoreductase 
and succinate oxidase activities are slightly (10-12%) inhib- 
ited by BX. This latter result might be due to contribution of 

Table 1. Respiratory activities of pea stem 5MP 
The data are the mean values of two preparation!;. Additions: 

NADH (0.2 mM); succinate (2 mM); EGTA ( 1  mM); rotenone (Rot, 24 
p ~ ) ;  BX (10 p ~ ) ;  horse-heart Cyt c (50 p ~ ) ;  2,6-dichloroindophenol 
(DCIP, 0.3 mM). 

Electron Donor Electron Ratel Percent of 
and Additions Acceptor Control 

NADH 
EGTA 
EGTA, Rot 
BX 

BX 

BX 

BX 

Succinate 

Succinate 

Succinate 

o2 

0 2  

0, 
0 2  

0 2  

0 2  

Cyt Cb 
Cyt C b  

DCIP' 
DCIF 

3.1 
2.5 
1.7 
3.1 
2.2 
1.9 

47.4 
41.7 

156.5 
156.5 

1 O0 
80 
55 

1 O0 
1 O0 
90 

1 O0 
88 

1 O0 
1 O0 

a Expressed as pmol of substrate reduced h-' mg-' pro- 
Measured tein. 

in the presence of 1 mM CN- plus 1 MM antimycin A. 
'' Measured in the presence of l mM CN-. 

'right-side-out" SMP, as indicated by 20% EGTA-sensitive 
NADH respiration that is possibly linked to the activity of 
the extemal Ca2+-dependent NADH dehydrogenase (Mbller 
et al., 1981; Rugolo et al., 1991). Therefore, thes: data tend 
to restrict the possible inhibitory site of BX on thcm mitochon- 
drial dicarboxylate camer. 

Metabolite Uptake 

To test the effect of BX on the dicarboxylate camer, we 
examined the permeability to NH,+ maiate. Pea stem mito- 
chondria did not swell significantly when added to a 100- 

NH,Mal NH.,Mal NH,Mal NH4F'i 

A B C D 

Figure 6. Swelling of pea stem mitochondria in 100 mM NH4+ 
malate (A, B, and C) and NH,+ phosphate (D). When indicated, 5 
mM NH4+ phosphate (NH4Pi) or 5 p~ valinomycin (Val) were added. 
The swelling was initiated by the addition of mitochondria. lnhibitor 
abbreviations and concentrations: BX (20 p ~ ) ,  mersalyl (Mers, 20 
p ~ ) ,  NEM (2 mM), n-butylmalonate (n-But, 10 mM). In C: and D, i n -  
But and TBX indicate that the control was not affected by R- 

butylmalonate or BX, respectively. Further details are described in 
"Materials and Methods." 
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mM NH,' malate solution (Fig. 6A, continuous line), and this 
little swelling was only slightly enhanced by addition of 
phosphate. Conversely, a rapid and consistent swelling was 
induced by subsequent addition of 5 PM valinomycin. This 
demonstrates that in pea stem mitochondria the major route 
of malate uptake is not by malate/phosphate antiport, as in 
mammalian mitochondria (Chappel and Haarhoff, 1967), but 
by electrogenic uniport. Notably, our results confirm previous 
observations in mitochondria from pea leaves and etiolated 
pea shoots (Zoglowek et al., 1988). By including BX in the 
medium, an inhibition of both Pi- and valinomycin-depend- 
ent malate uptake (interrupted traces) was seen; conversely, 
the effect of the sulfhydryl group inhibitors NEM or mersalyl 
was more evident on transport of malate induced by Pi (upper 
part of traces in Fig. 6B), although some effect on valinomy- 
cin-induced malate uptake was apparent with mersalyl (Fig. 
6B, interrupted trace). Interestingly, n-butylmalonate, a 
strong inhibitor of the Pi-dependent malate uptake in mito- 
chondria from mammalian tissues (Palmieri et al., 1971) and 
also of the malate- and succinate-dependent respiration of 
pea stem mitochondria (Fig. 5) ,  did not affect significantly 
the valinomycin-dependent uptake of malate (Fig. 6C, con- 
tinuous trace). This result, which confirms previous obser- 
vations in mitochondria from etiolated pea shoots (Zoglowek 
et al., 1988), might be due to far less sensitivity of the plant 
mitochondrial dicarboxylate/camer complex toward this sub- 
strate analog. Indeed, equimolar concentrations of substrate 
and inhibitor are generally required to inhibit the dicarbox- 
ylate transport in plant tissues (Day and Wiskich, 1984). 

These findings suggest that BX inhibits to some extent the 
dicarboxylate camer, whereas NEM and mersalyl, which are 
potent inhibitors of the phosphate transport, have only a 
secondary effect on the phosphate/malate antiport of pea 
stem mitochondria. This suggestion was confirmed by ex- 
amining the effect of these inhibitors on swelling in NH4+ 
phosphate. Ammonium phosphate induces a rapid swelling 
of plant and mammalian mitochondria (Chappel and 
Haarhoff, 1967; Zoglowek et al., 1988). Traces in Figure 6D 
indicate that swelling of pea stem mitochondria was inhibited 
by mersalyl and NEM but not by BX. 

CONCLUSIONS 

The present work unequivocally demonstrates that the 
herbicide BX has a dual effect on bioenergetics of higher 
plant mitochondria. (a) It acts as inhibitor of the dicarboxylate 
camer, since the electron transport activities catalyzed by 
malate and succinate are inhibited by this herbicide only in 
intact mitochondria. Indeed, succinate respiration in SMP is 
not affected by BX. In addition, the A+ generated by malate 
and succinate oxidation, but not by NADH oxidation, is 
decreased by BX. We have also been able to demonstrate that 
the accumulation of Ca2+ ions into the matix space is strongly 
repressed when mitochondria are energized by succinate 
respiration but not by NADH respiration. Analysis of the 
mitochondrial permeability in isoosmotic solution of NH4+ 
malate has demonstrated that swelling of the mitochondria 
due to uptake of malate is rate limited by BX, which confirms 
its effect on the dicarboxylate camer. (b) BX, when used at 
concentrations 220 p ~ ,  also affects the mitochondrial A+ by 

acting as a mild protonophore. This latter conclusion is in 
line with evidence that the NADH-dependent respiration in 
intact mitochondria is 22% stimulated by this herbicide. 
Conversely, under uncoupled respiratory state-3 (0.15 p~ 
FCCP), addition of BX does not affect the rate of NADH 
respiration (not shown). 

The results and conclusions summarized in points a and b 
partially support and extend an earlier report by Wain (1963) 
indicating that the herbicidal capacity of BX is due to uncou- 
pling of oxidative phosphorylation within plant tissues. On 
the other hand, it is important to note that the herbicide, 
after its application as a spray, is extensively metabolized by 
growing plant tissues (Buckland et al., 1973a, 197313). Studies 
on metabolism of hydroxybenzonitriles in growing cereal 
crops have demonstrated that BX undergoes a complex met- 
abolic pathway resulting from initial hydrolysis of the cyano 
groups to the amide and carboxylic acid with subsequent 
decarboxylation to 2,6-dibromphenol and debromination 
(Buckland et al., 1973b). Although the metabolites identified 
in this latter study represented only a small proportion (1 1 %) 
of the herbicide applied, it is evident that the actual herbicidal 
properties of the molecule might be considerably masked by 
the simultaneous presence of severa1 metabolic products. On 
this basis, it is presumable that the reported effects of BX on 
respiratory electron transport within plant tissues (Worthing 
and Hance, 1991) are not due to the mo1ea.de itself (see Table 
I) but, most probably, to its metabolic products. In fact, the 
present work demonstrates that the mitochondrial oxidative 
metabolism is damaged by BX through inhibition of the 
mitochondrial dicarboxylate camer and uncoupling of the 
membrane electrochemical potential. 
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