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Abstract. Bromoxynil (3,5-dibromo-4-hydroxy-benzonitrile; BO), mainly used as the octanoate ester (BOO), is
among the most widespread herbicides applied to maize in Germany and other countries. Effects on the
microflora of soil were assessed by the determination of microbial biomass and bioactivity using
microcalorimetry, of enzymatic activity using dehydrogenase activity, of potential nitrification and of
phospholipid fatty acid pattern. In laboratory experiments for 3 weeks, significant effects on microbial biomass
and bioactivity, dehydrogenase activity and nitrification in general were obvious only for 100-to 1000-fold of the
concentration resulting from normal agricultural application rate. Differences in the composition pattern of
phospholipid fatty acids were obvious as trends already at BOO-concentrations corresponding to the normal
application rate and were highly significant at 10-fold application rate level. After application of BOO
formulation to outdoor lysimeters at normal agricultural application rates, no significant differences in
dehydrogenase activity and nitrification between treated soils and controls could be detected; however, both
treated soils and controls exhibited seasonal variations between the different sampling dates. After application of
14C-BOO formulation to outdoor lysimeters, the uptake of 14C in maize plants was negligible (<0.08 ug
equivalent to BOO per g soil dry mass); 14C in leachate amounted to about 0.12 ng/L and was due only to highly
polar, water-soluble products not identified thus far. Laboratory degradation experiments with 14C-BO and 14C-
BOO in soil demonstrated mineralization to 14CO2, transformation to the corresponding benzoate, and the
formation of soil-bound residues.

1. Introduction

Bromoxynil (3,5-dibromo-4-hydroxy-benzonitrile; BO) is a herbicide used in maize and other crops,

preferably as the octanoate ester (BOO; Fig. 1).
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Fig 1. Formulae of bromoxynil, its octanoate ester and a metabolite in soil.
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Although, according to literature data, the effects of this herbicide on soil microorganisms are small
[1,2], in this paper studies are reported on effects, including more selective methods, higher
concentrations, and long term exposure times under outdoor conditions. The uptake of 14C from 14C-
labeled compound by plants and leaching of 14C in lysimeters, as well as mineralization,
transformation and formation of soil-bound residues are also studied.
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2. Materials and methods

2.1 Soil

The soil used was a silty soil (colluvium) from an agricultural field. It was sampled from various
depths, as shown in Table 1. For the laboratory experiments, soil samples down to a depth of 10 cm
were used; for outdoor experiments, the horizons taken from different depths were filled in the
lysimeters according to their natural sequence. The physico-chemical properties of the layers from
various depths are included in Table 1. Whereas the particle size distribution as well as the pH-value
did not greatly differ between the various soil depths, total organic matter and total N decreased with
increasing depth.

2.2. Pesticide

For laboratory experiments determining biological effects and for two lysimeters, the commercial
product "Buctril" containing the active ingredient bromoxynil octanoate (BOO) was used. Laboratory
experiments for mineralization, transformation and the formation of soil-bound residues were
performed with 14C-ring-labeled BO and 14C-ring-labeled BOO.

14C-BOO was purchased from International Isotopes, Unterschleissheim, Germany, and 14C-BO was
prepared from 14C-BOO by enzymatic hydrolysis with esterase from rabbit liver in 3.6M (NH^SO^
0.1 M Tris, pH8.5, Sigma-Aldrich, Steinheim [3]. 14C-BOO in a formulated form was kindly supplied
by Rhône-Poulenc Agriculture Ltd., Ongar, Essex, U.K.

2.3. Laboratory experiments for biological effects

Soil taken from a 0-10 cm depth was sieved to 2 mm and treated with herbicide at various
concentrations. In order to achieve a concentration corresponding with the agricultural application rate,
a penetration depth of 5 cm and a soil density of 1.8 g cm3 was assumed. This resulted in a
concentration of 0.615 mg a.i. per kg dry soil matter. The herbicide formulation was applied to 100 g
of soil which then was air-dried, homogenized in a mortar, added to 5 kg of fresh soil and incubated
for 2 weeks.

Table 1. Properties of soil used for laboratory and lysimeter experiments

Depth
(cm)
00-10
10-20
20-30
30-40
40-50

Clay (%)a

14
14
14
14
14

Silt (%)a

43
44
42
41
43

Sand (%)a

43
42
44
45
43

Organic
Matter (%)a

2.78
2.38
2.26
1.88
1.45

Total N
(%)a

0.16
0.15
0.14
0.12
0.13

pH (CaCl2)

6.6
6.4
6.3
6.2
6.3

a % of soil dry matter sieved through a 2 mm sieve

Sub-samples were filled in 500-mL Erlenmeyer flasks or in desiccators connected to an aeration
system providing moist air. At definite time intervals, aliquots were taken for the determination of
various biological soil parameters reflecting effects on soil microorganisms.

Basal heat output was determined in a four-channel microcalorimeter Thermal Activity Monitor, LKB
2277, Jârvalla, Sweden [4,5]. For determination of substrate-induced heat output, 1% glucose (w/w)
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and 1% (NH4)2SO4 were added to the soil samples. The metabolic heat quotient, rqheat, was calculated
as the relationship between basal heat output and substrate-induced heat output:

rqheat = BW[uW/g] x 100 x SIW [uW/g]"1

where BW = basal heat output
and SIW = substrate-induced heat output.

Dehydrogenase activity was determined using INT [2-(p-iodophenyl)-3-(p-nitrophenyl)-5-
phenyltetrazoliumchloride] as a substrate [6]. Potential nitrification was measured by determination of
nitrite after incubation of the soil in the presence of sodium chlorate [7].

Phospholipid fatty acids were extracted from soil with a mixture of chloroform, methanol and
phosphate buffer. The chloroform layer was dried, concentrated and separated in various fractions by
solid phase extraction on Si- and NH2-columns. The identification and quantification of fatty acids was
done by gas chromatography-mass spectrometry (gc-ms).

2.4. Lysimeter experiments

In order to study the long term fate and effects of 14C-BOO in the open air, six lysimeters were
established. The round lysimeters - with a depth of 1 m and a circumference of 2 m (surface area 0.32
m2) - were made from stainless steel. A wire cloth and 3 metal plates, in which holes had been
punched resulting in a "hole area" of about 50% of the total lysimeter area, were fitted in the bottom of
the lysimeters to allow the leachate to run out of the soil column.

The properties of soil used are presented in Table 1. The soil was sampled from an agricultural field,
and each soil horizon was sampled separately. After transport in plastic bags to the lysimeter station
the horizons were put into the lysimeters and pressed to the same density as in the natural soils.

A water reservoir was placed below the soil column in the lysimeter to collect the leachate for at least
4 weeks. The leachate was sucked by means of a vacuum pump into 5 L glass bottles which were
stored in a refrigerator at a temperature of 4°C. Water was collected intermittently every 2 or 4 weeks.
Maize was cultivated in all lysimeters.

The BOO or 14C-BOO was applied to 5 kg of soil as described in 2.3. Then, the soil was spread on the
lysimeter surfaces between the maize plants. Two lysimeters were treated with formulated 14C-BOO
and two with non-radioactive Buctril. Two further lysimeters were kept as untreated controls.

Small soil samples were taken from the non-radioactive lysimeters, at intervals and analysed for
dehydrogenase activity and potential nitrification. From the lysimeters treated with 14C-BOO, during
the vegetation period, the percolation water was collected when necessary and analyzed for
radioactivity.

At harvest time, maize plants from the 14C-lysimeters were collected. Stems, leaves and cobs were
analyzed separately. They were homogenized, and 14C was determined by combustion of aliquots to
14CO2 in a Packard Tri-Carb 3060 sample oxidizer, followed by liquid scintillation counting (Packard
Tri-Carb 1900 TR). Then, the samples were exhaustively extracted with methanol in a Soxhlet
apparatus. The 14C in the extracts was determined by liquid scintillation counting (Packard Tri-Carb
1900 TR using Packard Ultima Gold XR, as a scintillation cocktail); the 14C left in the extracted plant
material was determined following combustion.
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2.5. Laboratory experiments for mineralization, transformation and bound residues formation

In order to determine the mineralization, transformation and bound residues formation of 14C-BO and
14C-BOO, 50 g soil samples were mixed with 14C-BO or 14C-BOO, respectively, at concentrations of
1.62 ug 14C-BO per g dry soil or 2.16 ug 14C-BOO per g dry soil. The soils were incubated for 60 days
in a closed, discontinuously aerated laboratory system described previously [5]. Volatile organic de-
compounds and 14CC>2 resulting from mineralization were trapped separately in special absorption
tubes, collected at certain time intervals, and determined in a liquid scintillation counter. At the end of
the incubation time, the soils were exhaustively extracted in a Soxhlet with methanol for 24h. 14C in
the extracts was determined in a liquid scintillation counter, residual 14C in the extracted soil,
corresponding to soil-bound residues, was determined by combustion of aliquots to 14CO2 followed by
liquid scintillation counting.

The soil extracts were analyzed for BO, BOO and metabolites by hplc-ms [3].

3. Results and discussion

3.1. Laboratory experiments for biological effects

3.1.1. Substrate-induced heat production

Substrate-induced heat production is a soil parameter from which total microbial biomass may be
calculated [4,5]. The results from three weeks' laboratory experiments are presented in Figure 2.

It can be seen that during the first week differences between the control and treated samples are not
significant. After two weeks, the effects of the highest concentration rate (1000-fold of agricultural
application rate) begin to increase and to deviate significantly from the other concentrations. It is
obvious that this biological parameter representing total microbial biomass is not very sensitive against
BOO.
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Fig. 2. Substrate-induced heat production in soil untreated or treated with BOO (Buctril); 1 = normal
agricultural rate, 0.615 mg/kg dry soil; 10 = 10 fold; 100 = 100 fold; 1000 = 1000 fold gdm: gram
dry matter.
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3.1.2. Basal heat production

In the case of basal heat production (Figure 3), an indicator of microbial activity, also only the
highest concentration causes significant depression as compared to the control. The depression is not
reversible but increases with time.
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Fig. 3. Basal heat production in soil untreated or treated with BOO (Buctril); 1 = normal agricultural
rate, 0.615 mg/kgdrysoil;10 = 10-fold; 100 = 100-fold; 1000 = 1000-fold; gdm: gram dry matter.
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Fig. 4. Metabolic heat quotient (rqheat) in soil untreated or treated with BOO (Buctril); 1 = normal
agricultural rate, 0.615 mg/kg dry soil; 10 = 10-fold; 100 = 100-fold; 1000 = 1000-fold. 3.1.3.
Metabolic heat quotient (rqheat).
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This is an ecophysiological parameter describing the efficiency of energy utilization by
microorganisms in soils. An inefficient energy utilization, characterized by an enhanced rqheat, is
indicative of repair mechanisms and, thus, of an enhanced physiological activity of stressed
microorganisms [9-12]. Figure 4 shows that this is the case for the highest BOO concentration; the
effect increases with time.

3.1.4, Dehydrogenase activity

Dehydrogenases are oxidoreductases and are responsible for the oxidation of organic material.
Therefore, the dehydrogenase activity of a soil describes the intensity of microbial oxidative metabolic
processes [13,14]. Figure 5 demonstrates that dehydrogenase activity is significantly depressed by
100- to 1000-fold BOO concentrations. For 100-fold concentration, the depression is reversible,
whereas the depression is increasing with time by the 1000-fold concentration, and dehydrogenase
activity reaches zero after 2 weeks.

3.1.5. Nitrification

In the nitrogen cycle of the soil, nitrate has a central position since it is the most bioavailable nitrogen
for plants. Therefore, nitrification is a process which is very important for soil fertility. Ammonium
released from organic matter by ammonification is oxidized to nitrite by Nitrosomonas and then to
nitrate by Nitrobacter. In the potential nitrification test, Nitrobacter is inhibited by sodium chlorate,
and only nitrite is formed as a reaction product [7]. In Figure 6, the results for various concentrations
of BOO are presented.
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Fig. 5. Dehydrogenase activity in soil untreated or treated with BOO (Buctril) 1 = normal agricultural
rate, 0.615 mg /g dry soil; 10 = 10-fold; 100 = 100-fold; 1000 = 1000-fold; INTF:
iodonitrotetrazolium chloride formazan; gdm: gram dry matter; time: 2h.
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Fig. 6. Potential nitrification in soil untreated or treated with BOO (Buctril), 1 = normal agricultural
rate, 0.615 g/kg dry soil; 10 = 10-fold; 100 = 100-fold; 1000 = 1000-fold; gdm: gram dry matter;
time: 5h.

As in the case of dehydrogenase activity, effects are significant for the 100- and 1000-fold
concentrations. Whereas the effects are reversible for the 100-fold concentration, they are irreversible
for the 1000-fold concentration; nitrite production within 5 hours is <100 ng NO2-N per g dry soil
and, thus, below the limit that is indicative of soil contamination [16].

3.1.6. Phospholipid fatty acid pattern

Phospholipid fatty acids are cell wall constituents of all living cells [13]. The fatty acid profiles are
fixed genetically and, thus, characteristic of individual microbial groups. The determination of the
composition of the phospholipid fatty acid pattern, therefore, gives indication for the composition of
the microbial community in soil. Figure 7 presents, as an example, the concentration of the group of
polyunsaturated fatty acids (PUF) in soils treated with various doses of BOO.

The decrease of PUF as a consequence of BOO application can be seen as a trend at concentrations
corresponding to normal agricultural application rates, and is highly significant at 10-fold
concentrations. Thus, this test is more sensitive than the other tests of this study. PUF are indicative of
eucaryonts and of cyanobacteria [17]. Their decrease, therefore, is an indication for shifts in the
composition of soil microbial communities.

3.2 Lysimeter experiments

In lysimeter soils treated with BOO at normal agricultural application rates, no significant differences
in dehydrogenase activity or in potential nitrification could be detected as compared to control soils.
However, for treated lysimeters as well as for controls, significant differences between the sampling
dates could be noted, indicating seasonal influences.
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Fig. 7. Polyunsaturated fatty acids (PUF) in soil untreated or treated with BOO (Buctril), 1 - normal
agricultural rate, 0.615 mg/ kg dry soil; 10 = 10-fold; 100 = 100-fold; 1000 = 1000-fold; PUF:
polyunsaturated fatty acids; kgdm = kilogram dry matter.

In lysimeters treated with 14C-BOO, the uptake of 14C by maize plants was very low (equivalent to
<0.08 ug 14C, BOO, per g dry plant matter). This 14C was nearly completely unextractable; the
extractable 14C was equivalent to <0.004 \xg BOO per g dry plant matter.

hi the leachate percolated through the lysimeters treated with 14C-BOO, very low amounts of
radioactivity were detected (about 0.12 (J,g/L). This radioactivity was not due to BOO but to highly
polar, water-soluble products which could not be identified thus far.

3.3. Laboratory experiments for mineralization, transformation, and bound residues formation

The results of laboratory degradation experiments of 14C-BO and 14C-BOO are compiled in Table 2.
Both substances show a high mineralization rate during 60 days, whereas their volatility is negligible.
The radioactivity left in soil after incubation, to a large extent, is unextractable by organic solvents
and, thus, in a soil-bound form. The extracted radioactivity from the experiments with 14C-BO
contained, besides unchanged parent compound, a metabolite which was identified as 3,5-dibromo-4-
hydroxy-benzoate. The formation of this metabolite in soil has been reported also in the literature [18-
19], 14C-BOO is rapidly metabolized to 14C-BO.

4. Conclusions

By the methods available today for the determination of biological effects in soils, effects of the
herbicide bromoxynil, applied at normal agricultural rates, on the microflora of soils could not be
detected. Tenfold or higher concentrations, however, caused effects on total biomass, bioactivity,
enzymatic activity, nitrification, and the composition of the microbial community in soil.
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Table 2. Mass balance of 14C in biodégradation experiments with 14C-bromoxynil (14C-BO) and 14C-
bromoxyniloctanoate (14C-BOO) after 60 days incubation in soil (in % of 14C applied).

14C-Fraction 14C-BO (%) 14C-BOO
14C02 42.4±1.3 49.3±9.4
14C volatile 0.03±0.01 0.06±0.03
14C in soil, extractable 2.9±0.3 4.4±0.9
14C in soil, non-extractable 52.3±2.3 44.4±3.5
14C recovery 97.6±3.4 98.1±13.4

Since bromoxynil is mineralized to CO2 and since its residues are bound in soil in an unextractable
form to a large extent, its availability for uptake by plants as well as for leaching is low. However,
attention should be paid to the formation of conversion products whose chemical identity is not yet
known and which might have unfavourable properties. Therefore, research into this herbicide should
be continued.
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