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Abstract. A bxn gene, coding for the nitrilase enzyme that catalyses the detoxification of the herbicide
bromoxynil, was inserted into subterranean clover (Trifolium subterraneum L. subsp. yanninicum). The agronomic
characteristics of 3 transgenic lines (BXN 5, 7, 10) and their response to herbicides containing bromoxynil were
compared with that of the non-transgenic parent, cv. Gosse, in 1 glasshouse and 2 field experiments.

The application of bromoxynil at 1.5 L/ha resulted in a 50% reduction in the spring herbage yield of the
non-transgenic control but no reduction in BXN 5 and 7. The level of the phyto-oestrogens genistein and biochanin
A in the leaf tissue were low in Gosse and the 2 transgenic lines, BXN 7 and 10, but the level of genistein increased
significantly (P < 0.05) from 0.85% in Gosse to 1.43% dry weight in BXN 5, and biochanin A increased from 0.35%
in Gosse to 0.73% in BXN 5. 

The application of the herbicides bromoxynil, bromoxynil+MCPA, and Jaguar (bromoxynil+diflufenican) at the
cotyledon stage in a glasshouse study significantly reduced the leaf area of the non-transgenic Gosse, but did not
reduce the leaf area of the 3 transgenic lines. When applied at the 4–5 leaf stage, the leaf area of Gosse was again
reduced by all the herbicides, but only the bromoxynil+MCPA treatment reduced the leaf area of the transgenic lines
relative to the control. The application of bromoxynil or Jaguar at the 4–5 leaf stage depressed the herbage yield of
Gosse by about 62% compared with 0–24% in the 3 transgenic lines. 

In the field studies, BXN 5 and 10 had similar seed yields to Gosse in the absence of herbicide application, but
the seed yield of BXN 7 was significantly less than the other 2 transgenic lines. The level of hard seed in BXN 7
was also lower at 25% compared with 55–57% in the other transgenic lines and Gosse.

These findings stress the need to carefully assess the agronomic qualities of transgenic lines prior to release, as
although tolerance to bromoxynil may be greatly increased by the bxn gene, other important agronomic
characteristics, such as seed yield, hardseededness, and isoflavone content, may change as result of the gene or
transformation process.
AR02134
Tolerance of tr ansgeni c subt er ranean cl over  t o bromoxynilB. S. D earet al .

Additional keywords: bxn, bromoxynil, subterranean clover, herbicide tolerance.

Introduction

The herbicide bromoxynil (3,5-dibromo 4-hydroxy
benzonitrile) is widely applied to annual legume-based
pastures in south-eastern Australia, either on its own or in
mixtures with other herbicides, such as MCPA or
diflufenican, to control broadleaf weeds, particularly
capeweed (Arctotheca calendula (L.) Levyns), Pattersons
curse (Echium plantagineum L.), and wireweed (Polygonum
aviculare L.). Subterranean clover (Trifolium subterraneum
L.) is a major component of these pastures, and although it
has a moderate level of tolerance to bromoxynil, it still

suffers yield depressions of up to 34% depending on the
cultivar (Dear et al. 1995b; Dear and Sandral 1999). 

Recent advances in genetic engineering allow the
incorporation of genes that increase the ability of plants to
detoxify bromoxynil and provide the opportunity to increase
the tolerance of subterranean clover to this herbicide. The
bxn gene, isolated from the soil bacterium Klebsiella
ozaenae, codes for a nitrilase enzyme, which converts
bromoxynil to a relatively non-toxic product (3,
5-dibromo-4-hydroxybenzoic acid) and is then further
degraded by other plant enzymes. The successful
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incorporation and expression of this nitrilase gene into
subterranean clover would potentially reduce herbage yield
losses following bromoxynil application. The gene has been
successfully introduced into cotton (Gossypium hirsutum L.)
(Stalker et al. 1995) and tobacco (Stalker et al. 1988), and in
both cases has resulted in large increases in tolerance to
bromoxynil. More recently, the gene has been introduced
into oilseed rape (Brassica napus L.) (Zhong et al. 1997) and
potatoes (Solanum tuberosum L.) (Eberlein et al. 1998), with
transformed potato clones being up to 70-fold more tolerant
to bromoxynil than untransformed controls. Advantages
which may flow from the increased tolerance could include
the ability to apply the herbicide at an earlier growth stage
when the target weed is more susceptible and, if efficacy is
thereby increased, reduce the required herbicide rate and
hence the cost of weed control.

It is possible that inclusion of the bxn gene in
subterranean clover may also reduce the phytotoxicity of
herbicides containing bromoxynil as part of the mixture,
such as bromoxynil +MCPA and Jaguar (bromoxynil +
diflufenican). These mixtures containing bromoxynil have
been found to be more phytotoxic to subterranean clover than
bromoxynil alone (Dear and Sandral 1999), with herbage
yield depressions of 50% recorded 30 days after herbicide
application. 

Other issues which need to be explored may include
potential changes that the random insertion of the bxn gene
may cause and the effects of the transformation process on
other important plant characteristics affecting the
competitiveness and ecological success of subterranean
clover. These include the herbage and seed yielding ability of
the clover in the absence of the herbicide, the level of
phyto-oestrogens, and the percentage of hard seeds
produced. The last is an important characteristic for
long-term persistence and regeneration. Very few adverse
changes in yield or quality have been reported in transgenic
cotton containing the bxn gene, but a 15–30% yield
depression was recorded in potato tuber yields in
transformed clones, which was attributed to somaclonal
variation (Eberlein et al. 1998). The bxn gene was found to
have no consistent adverse effect on internal tuber quality.

The following experiments examine the effect of
incorporating the bxn gene into 3 independent transgenic
subterranean clover lines based on the cultivar Gosse. We
have evaluated their tolerance to bromoxynil and herbicide
mixtures containing bromoxynil, and sought to identify any
other changes that may have occurred in agronomically
important plant characteristics. 

Materials and methods

Development of transgenic subterranean clover lines

The tissue culture procedures for transferring new genes from unrelated
species into subterranean clover have been described before (Khan
et al. 1994). The DNA construct used to transform subterranean clover

cv. Gosse contained a gene (bxn gene) for the nitrilase enzyme from
Klebsiella pneumoniae subsp. ozaenae and a gene from Shigella
flexneri, which conferred resistance to spectinomycin. This latter gene
served as a selectable marker for the isolation of transformed cells from
tissue culture. The nitrilase gene was equipped with a 5´ region from the
35S RNA gene of cauliflower mosaic virus and a 3´ terminator from the
gene coding for nopaline synthase in Agrobacterium tumefaciens. The
spectinomycin-resistance gene was provided with a 5´ promoter from
the 35S RNA gene from cauliflower mosaic virus and a 3´ region from
the octopine synthase gene from A. tumefaciens. Tissue pieces from
seedlings of cultivar Gosse were incubated with an Agrobacterium
strain carrying the transgene construct and cultured on agar in Petri
dishes of under selection of spectinomycin in medium which induced
callus formation. Calli that formed vigorous shoots were excised and
transferred to root induction medium. The resulting small plantlets
were transferred to soil in a glasshouse, and once well established,
selected leaves on each plant were painted with bromoxynil. First
generation T1 seed was collected from the most highly tolerant plants
and grown through another generation during which selection was
again carried out through leaf painting. The resultant T2 generation
seeds were checked for homozygosity of the bxn gene; 3 independent
lines which showed the least leaf damage, and hence were considered to
be most strongly expressing this gene (BXN 5, 7, and 10), were selected
for use and grown in the glasshouse until they flowered and set seed.
The T3 generation seed was collected and used in the following 3
experiments. 

Expt 1: Effect of bxn insertion on plant characteristics and isoflavones

The tolerance of the 3 transgenic subterranean clover lines (BXN 5, 7,
and 10) to bromoxynil, relative to the ‘parent’ cultivar Gosse, was
compared in a field experiment. Seedlings of each of the lines and
Gosse, which had been grown in 4.5-cm-diameter peat pots in a shade
house, were transplanted on 28 May 1996 into the field at the
Agricultural Institute, Wagga Wagga, New South Wales (147°21´E,
35°03´S; 219 m above sea level). The experiment was a factorial design
(4 subterranean clover lines by 2 herbicide rates) arranged as a
randomised complete block with 15 spaced plants/plot and 3
replications. Treatments included bromoxynil n-octanonyl ester,
bromoxynil (200 g a.i./L) at the recommended product rate (1.5 L/ha),
and at a high rate (7.5 L/ha), applied at the 4–5 leaf stage. Leaf damage
was recorded 30 days after herbicide application. Five randomly
selected plants per plot were removed on 16 July and again on 8
September to determine their dry weight. Approximately 20 leaves
were collected for phyto-oestrogen analysis by sampling all plants
within each unsprayed plot on 8 September. The plants were cooled
before being dispatched in plastic vials for analysis, at the University of
Western Australia field station, for phyto-oestrogens, using the method
described by Francis and Millington (1965).

Expt 2: Effect of time of herbicide application on herbage responses 

The response of the 3 transgenic subterranean clover lines and Gosse to
bromoxynil and 2 herbicide mixtures containing bromoxynil as a
component was examined in a glasshouse study. The 3 herbicides and
their application rates were bromoxynil n-octanoyl ester (200 g a.i./L)
at 1.5 L/ha, bromoxynil (200 g a.i./L) + MCPA iso-octyl ester (200 g
a.i./L) at 1.5 L/ha, and bromoxynil (250 g a.i./L) + diflufenican (25 g
a.i./L) (Jaguar) at 0.6 L/ha. The herbicides were applied at 2 leaf stages:
cotyledon (4 July) and 4–5 leaf stage (28 July). The experiment was a
complete randomised block design with 2 replications with the
additional proviso of neighbour balance to ensure the average pair-wise
variance between treatments under spatial analysis was minimised. 

Soil used in the glasshouse experiment was a red earth (Gn2.12,
Northcote 1979), pH 5.2 (1:5 0.1 M CaCl2), collected to a depth of
10 cm from the Agricultural Institute, Wagga Wagga. It was sieved
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through a 5-mm screen, and 1100 g of soil was placed in 125-mm-
diameter white plastic pots lined with plastic bags. Basal nutrients were
applied in solution at the following rates (kg/ha): 50 P, 63 K, 148 S, 0.1
Mo, 1.0 B, 1.6 Zn, 10 Mg, 1.8 Cu, and 10.9 N. The soil was allowed to
dry, then mixed thoroughly, watered to field capacity (21%), and left for
10 days to equilibrate.

Subterranean clover seeds were pre-germinated by immersion in
0.01 M solution of CaSO4 for 24 h. Seeds with emerging radicles were
inoculated in a slurry of peat and Rhizobium trifolii strain WU95.
Approximately 10 seeds were sown per pot on 17 June, and the
seedlings thinned to 5 plants at emergence. Pots were watered to field
capacity daily by weight. Herbicides were applied in an automated
spraying cabinet through a TeeJet 8001E flat fan nozzle at a pressure of
200 kPa delivering a volume of 100 L/ha. 

Glasshouse temperatures were kept as close as possible to the
prevailing outside temperatures using evaporative coolers. The
maximum temperature decreased progressively with time and
glasshouse heating was not used. 

Plants were visually rated for leaf damage 10 days after herbicide
application using the European Weed Research Council rating system
(Table 1). Plant shoots were harvested level with the soil surface 30
days after the application of the herbicide treatments. The number of
leaves and leaf and stem area were determined and all plant parts then
dried at 70°C for 48 h and weighed.

Expt 3: Effect of bxn gene insertion on seed yield and hardseededness

The seed yielding ability of the 3 transgenic lines and the
untransformed Gosse in the absence of bromoxynil was compared in a
field experiment at the Wagga Wagga Agricultural Institute. Seed of
each of the lines was sown at 20 kg/ha into a prepared seedbed using a
cone seeder in plots 1.0 by 2.0 m with 200 kg/ha of superphosphate
(9.0% P, 12.0% S). The experimental design was an augmented latin
square with 5 replications. Plots were left ungrazed and sprayed with
Le-mat (omethoate 290 g/L) at 0.1 L/ha to control redlegged earth mites
(Halotydeus destructor Tucker). Burr was harvested from a 0.25-m2

quadrat within each plot after the clover had senesced. Seed was
carefully removed from a random sample of burrs and the hard seed
level of 250–300 seeds determined in a 60°/15°C fluctuating
temperature oven using the procedure described by Quinlivan (1961).
The remainder of the seed was removed from the burr by thrashing and
total seed weight determined.

Statistical analyses

Data analysis was performed using the statistical software GENSTAT 5
Release 4.1 (Lawes Agricultural Trust 1990). To allow for unequal
variability, scatter diagrams of the deviance-standardised residuals
against fitted values were examined. A spatial model was fitted to
account for trends in the glasshouse and field using the techniques of
Gilmour et al. (1997). Means and standard deviations were calculated
for each of the variables. Least significant differences (l.s.d.) were
calculated for each of the variables at P = 0.05.

Results

Expt 1 

Leaf damage

Severe phytotoxicity was observed in the control cultivar
Gosse on 25 June within 9 days of the application (days after
spraying, DAS) of bromoxynil at the recommended rate
(Table 2). Damage in the 3 transgenic lines increased with
increasing herbicide rate but was significantly (P < 0.05) less
than observed in Gosse at the recommended rate.
Phytotoxicity symptoms (leaf burn and stunting) on 16 July
(30 DAS) were more severe than on 25 June in all plants that
received bromoxynil but followed the same pattern observed
soon after herbicide application. By early September (84
DAS), phytotoxicity symptoms in Gosse had decreased in
plants receiving the recommended rate (1.5 L/ha), indicating
substantial plant recovery, but all Gosse plants that received
the higher rate of bromoxynil were dead. Transgenic plants
that received the recommended rate now scored similarly to
the untreated control (Table 2). All the herbicide treated
transgenic plants showed less phytotoxicity than in the
earlier observations. 

Leaf area

The leaf area of Gosse on 16 July (30 DAS) decreased
markedly with increasing herbicide rate, with no plants

Table 1. European Weed Research Council (EWRC) rating scale used to score the level of crop tolerance 
following herbicide application in Expt 1 and the inverse relationship between EWRC scores for efficacy and 

crop tolerance

EWRC
score

Crop tolerance Efficacy (weed kill) Weed control
(%)

1 No effect Complete kill 100
2 Very slight effects; some stunting and yellowing just 

visible
Excellent 99.9–98

3 Slight effects; stunting and yellowing; effects reversible Very good 97.9–95
4 Substantial chlorosis and or stunting; most effects 

probably reversible
Good–acceptable 94.9–90

5 Strong chlorosis/stunting; thinning of stand Moderate but not generally 
acceptable

89.9–82

6 Increasing severity of damage Fair 81.9–70
7 Increasing severity of damage Poor 69.9–55
8 Increasing severity of damage Very poor 54.9–30
9 Total loss of plants and yield None 29.9–0
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surviving at the highest herbicide rate (Table 2). In contrast,
leaf area declined only marginally at the recommended
herbicide rate in the 3 transgenic lines. At the highest
herbicide rate both BXN 5 and BXN 10 exhibited a
significant decrease in leaf area (P < 0.05), but BXN 7 was
not significantly affected.

Herbage yield

Plant yield responses on 16 July followed a similar pattern
to leaf area. BXN 5 and BXN 7 showed no yield depression
at the lower (1.5 L/ha) bromoxynil rate, compared with a
yield reduction of 35% in BXN 10 and 77% in the
untransformed Gosse (Table 2). At the very high bromoxynil
rate both BXN 5 and BXN 10 were stunted, but BXN 7 was
unaffected. In comparison, the herbage yield of Gosse was
reduced by 76% at the recommended herbicide rate and no
plants survived at the higher rate. 

Plant yields on 8 September (84 DAS) showed similar
trends to those on 16 July. In the absence of bromoxynil, the
yield of the unsprayed transgenic lines was similar to Gosse. 

The herbage yields of BXN 5 and BXN 7 were not
significantly lower (P > 0.05) than their unsprayed controls
when they were sprayed at the recommended rate (1.5 L/ha)
of bromoxynil, but BXN 10 was suppressed by 39%. 

Seed yields

Late in the growing season some plants became infected
with clover stunt virus following an infestation of aphids.
Consequently, seed yields of these plants were reduced.
Despite the reduced level of confidence in the results, it

appeared that seed production by BXN 7 was substantially
less than the other transgenic lines and Gosse (Table 2), and
this result was investigated more thoroughly in Expt 3. The
low seed yield of the unsprayed BXN 10 treatment reflected
the effect of clover stunt virus infection.

Phyto-oestrogens

The level of the phyto-oestrogen formononetin was very
low in Gosse and the 3 transgenic lines (Table 3). Similarly
the concentrations of genistein and biochanin A in BXN 7
and BXN 10 were low and not significantly different from
Gosse, but BXN 5 exhibited significantly raised levels of
both biochanin A and genistein.

The level of the 3 phyto-oestrogens in Gosse and the 3
transgenic lines was unaffected by the application of
bromoxynil at the recommended rate. 

Table 2. Leaf damage ratings based on the European Weed Research Council (EWRC) scale, leaf area, plant 
weight, and seed yield of the subterranean clover cultivar Gosse and 3 transgenic lines following the 

application of 0, 1.5, and 7.0 L/ha of bromoxynil in Expt 1
Herbage yield expressed as percentage of the unsprayed control is given in parentheses

Cultivar/ 25 June (9 DAS) 16 July (30 DAS) 8 September (84 DAS)
line Herbicide EWRC Leaf Plant wt EWRC Plant wt EWRC Seed 

rate score area  (g/plant)  (%) score (g/plant)  (%) score yield
(L/ha) (mm2) (g/plant)

Gosse 0.0 1.00 4108 0.26 1.00 4.96 1.00 22
Gosse 1.5 7.10 0987 0.06 0(23) 7.80 2.22 (45) 2.90 27
Gosse 7.0 7.90 0000 0.00 00(0) 9.00 0.00 (0) 9.00 00

BXN 5 0.0 1.00 5116 0.31 1.00 5.55 1.00 33
BXN 5 1.5 2.90 4769 0.25 (81) 2.60 4.87 (88) 1.00 21
BXN 5 7.0 7.90 0365 0.05 (16) 8.20 2.00 (36) 3.90 39

BXN 7 0.0 1.00 3836 0.26 1.00 4.99 1.00 4.0
BXN 7 1.5 1.50 4007 0.26 (100) 2.20 4.31 (86) 1.20 05
BXN 7 7.0 2.50 3376 0.24 0(92) 4.60 2.21 (44) 2.10 03

BXN 10 0.0 1.00 5347 0.31 1.0 5.60 1.00 13
BXN 10 1.5 3.10 3256 0.20 0(65) 3.90 3.45 (61) 1.40 41
BXN 10 7.0 6.90 0672 0.05 0(16) 7.80 1.22 (22) 3.20 24

l.s.d. (P = 0.05) 1.16 1696 0.08 2.60 1.92 1.71 17.4

Table 3. Level of phyto-oestrogens (% dry wt) in cv. Gosse and 
three transgenic lines which received either nil or 1.5 L 

bromoxynil/ha in Expt 1

Cultivar/
line

Herbicide
rate

Formononetin Genistein Biochanin
A

(L/ha)

Gosse Unsprayed 0.00 0.85 0.35
Gosse 1.5 0.00 0.87 0.33
BXN 5 Unsprayed 0.03 1.43 0.73
BXN 5 1.5 0.05 1.28 0.68
BXN 7 Unsprayed 0.02 0.90 0.38
BXN 7 1.5 0.02 0.93 0.43
BXN 10 Unsprayed 0.00 1.00 0.42
BXN 10 1.5 0.00 0.90 0.37
l.s.d. (P = 0.05) n.s. 0.19 0.16
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Expt 2 

Cotyledon stage

The application of bromoxynil, Jaguar, and
bromoxynil+MCPA to Gosse at the cotyledon stage
significantly reduced the number, size, and weight of leaves
produced (Table 4). The application of these same herbicides
to the transgenic lines resulted in small decreases in the area
and number of leaves but these differences were often not
significant (P > 0.05). The total weight of leaves produced
was almost always reduced by the 3 herbicides, the reduction
being greatest on Gosse.

When applied at the cotyledon stage, the 3 herbicides
reduced Gosse herbage yields by 86–94%, compared with
0–66% in BXN 5 and BXN 10. BXN 7 showed the least
reduction due to bromoxynil with a decrease of 19% (Fig. 1).

4–5 leaf stage

Herbage yields of the cultivar Gosse and the 3 transgenic
lines at the final harvest were similar in the absence of
herbicide application (Fig. 1). When the 3 herbicides were
applied to Gosse at the later 4–5 leaf stage, the percentage

reduction in leaf area and weight was less than when applied
at the cotyledon stage (Table 4). The 3 transgenic lines
showed few significant reductions in the size, area, or weight
of leaves produced following the application of bromoxynil
or Jaguar at this leaf stage; however, bromoxynil+MCPA
caused significant reductions in leaf area, number, and
weight in both BXN 5 and 7 (Table 2).

The application of bromoxynil at the 4–5 leaf stage
reduced Gosse herbage yields by 61%, compared with a
reduction of 15% in BXN 5, and no significant effect on the
yield of BXN 7 and 10. Jaguar reduced Gosse herbage yields
by 62%, compared with 23–27% in the 3 transgenic lines.
Bromoxynil+MCPA reduced yields of Gosse by 52%,
compared with 32–57% in the transgenic lines (Fig. 1). 

Expt 3 

The seed yield of the 2 transgenic lines BXN 5 and BXN 10
in the absence of a herbicide was not significantly different
(P > 0.05) from that of the untransformed Gosse, but BXN 7
set significantly less seed (P < 0.05) than the other transgenic
lines and Gosse (Table 5), thus confirming the result of Expt
1. The reduction in seed yield was due to a reduction in the
number of seeds set per burr and the number of burrs set. The
mass (size) of individual seeds set did not differ between any
of the lines.

The proportion of seed that was impermeable
(hardseeded) at harvest and after 4 months was significantly
lower in BXN 7 than the other 2 transgenic lines and Gosse
(Table 6).

Discussion

We have demonstrated that the insertion of the bxn gene into
subterranean clover substantially increases the tolerance of
transgenic lines to bromoxynil compared with the
untransformed cultivar Gosse, with some transgenic lines
showing no yield reduction when bromoxynil was applied at
the recommended rate. This is the first successful
demonstration of this technique in an annual pasture legume
species and extends the range of crops into which the bxn
gene has been successfully inserted and expressed.

The increased tolerance demonstrated at the cotyledon
stage could significantly increase weed control options. At
the present time, the application of herbicides to regenerating
annual pastures must be delayed until the young
subterranean clover seedlings have sufficient tolerance to
withstand the herbicide. By this time, weed seedlings have
attained sufficient size to resist the herbicide, resulting in
loss of efficacy or failure to control the weed. By applying
bromoxynil at an earlier growth stage, such as the cotyledon
stage, weed seedlings are more susceptible and this treatment
offers the prospect of reducing herbicide rates while still
achieving improved weed control.

Incorporating the bxn gene also increased the ability of
subterranean clover to tolerate herbicide mixtures containing
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Fig. 1. Effect of bromoxynil, Jaguar, and bromoxynil+MCPA
applied at the cotyledon and 4–5 leaf stage to the untransformed
cultivar Gosse and 3 transgenic lines, BXN 5, 7, and 10, on herbage
yield in Expt 2, 30 days after herbicide application. Bars with the same
letter are not significantly different at P = 0.05.
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bromoxynil, which can be more phytotoxic to subterranean
clover than bromoxynil alone (Dear and Sandral 1999).
These mixtures could also be applied at the cotyledon stage
without severely restricting the growth of the BXN lines,
unlike Gosse, which showed marked yield depressions
following their application at this stage.

Although the inclusion of the bxn gene did not appear to
change the agronomic characteristics of BXN 10, the gene or
the transformation process did have unintended effects on
the other 2 transgenic lines. The seed production capacity of
BXN 7 was adversely affected, with seed yields being
depressed as well as producing a lower proportion of hard
seed. As the reduced seed set was a result of producing fewer
burrs as well as fewer seeds per burr, we conclude that the

plants produced fewer flowers, which went on to produce
less seeds. Whether this was due to flower abortion or the
plant producing fewer reproductive sites as a result of
reduced branching, or node development, was not
determined.

The reduction in level of hard seed produced by BXN 7
was also significant and may indicate that plants were having
difficulty in completing the development of an impermeable
seed coat at the end of seed maturation or that the seed coat
was thinner. The reduced seed set and reduction in the level
of hard seed would potentially decrease the fitness of the
transgenic line, as good seed yields are important to produce
a seed reserve that has the capacity to generate large seedling
numbers in the following autumn. The reduction of hard seed

Table 4. Effect of 3 herbicides containing bromoxynil on cultivar Gosse and 3 transgenic lines sprayed at 
the cotyledon and 4–5 leaf stage, 30 days after herbicide application in Expt 2

Cotyledon 4–5 leaves
Gosse BXN 5 BXN 7 BXN 10 Gosse BXN 5 BXN 7 BXN 10

Leaf area (mm2)

Control 317 318 241 307 1704 1810 1597 1507
Bromoxynil 100 163 380 216 1048 1705 1659 1827
Jaguar 167 217 264 180 1094 1552 1586 1426
Bromoxynil+MCPA 006 143 196 194 1186 1057 0806 1230
l.s.d. (P = 0.05) 153 219

Number of leaves

Control 062 062 044 066 0136 0139 0110 0125
Bromoxynil 004 043 037 028 0095 0133 0107 0141
Jaguar 023 040 039 044 0103 0127 0108 0129
Bromoxynil+MCPA 033 040 030 047 0102 0108 0071 0131
l.s.d. (P = 0.05) 0 140 19

Stem area (mm2)

Control 062 066 059 063 0289 0291 0256 0271
Bromoxynil 005 048 052 034 0157 0305 0248 0303
Jaguar 001 042 041 041 0153 0251 0227 0191
Bromoxynil+MCPA 007 043 021 041 0171 0201 0130 0233
l.s.d. (P = 0.05) 0 440 58

Leaf weight (g)

Control 0.51 0.49 0.55 0.59 1.32 1.29 1.19 1.12
Bromoxynil 0.04 0.17 0.45 0.28 0.54 1.11 1.32 1.25
Jaguar 0.09 0.23 0.32 0.18 0.53 0.99 1.05 0.89
Bromoxynil+MCPA 0.08 0.23 0.22 0.30 0.68 0.67 0.60 0.74
l.s.d. (P = 0.05) 0.12 0.16

Table 5. Seed yield characteristics of 3 transgenic lines compared with the parent plant 
Gosse in the absence of herbicide in Expt 3

Cultivar/line Seeds/burr Seed mass Seed number Burrs/m2 Seed yield
(mg/seed) (seeds/m2) (g/m2)

Gosse 2.80 09.2 2574 946 91
BXN 5 2.60 09.5 1919 710 70
BXN 7 1.20 10.1 0314 213 12
BXN 10 2.50 09.5 1560 649 54
l.s.d. (P = 0.05) 0.65 1.73 0919 248 39
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would be a disadvantage where high levels of hard seed are
required to protect against premature germination over
summer as a result of out-of-season rainfall.

The other major change was an increase in the level of
phyto-oestrogens biochanin A and genistein in BXN 5.
Importantly, the level of formononetin remained very low in
the 3 transgenic plants; high levels of this isoflavone are
linked to infertility in ewes. In contrast, biochanin A and
genistein are not linked to infertility, and increases in the
levels of these isoflavones may be a significant advantage.
Wang et al. (1998, 1999) have linked high levels of these
isoflavones with increased resistance to redlegged earth
mites, a serious pest of subterranean clover. Selectively
stimulating production of these isoflavones may increase the
competitiveness of transgenic lines where these pests are
active.

The variation observed between the 3 transgenic lines in
characteristics such as burr formation, number of seed set, and
seed yield, as well as the changes in the phyto-oestrogens and
hard seed level, could be due to one or more facets of the
procedures used for introducing foreign genes into these
plants. Each of the 3 transgenic lines has arisen from a
separate transformation event (data not shown). The site of
insertion of the new gene into the clover genome is a random
process and the insertion is likely to have occurred at 3
different sites in the 3 transgenic lines. Depending on the
particular site of the insertion, the inserted gene may or may
not have an effect on, or be affected by, the expression of
adjacent endogenous genes. In addition, the product of the
inserted gene (in this case the nitrilase enzyme) may interact
with other metabolic activities in the transformed cells in
ways that are not predictable. Somaclonal variation, which
may occur during the prolonged period of growth of any cells
in tissue culture (Larkin and Scowcroft 1981), is another
potential source of the variability within a group of transgenic
lines and may produce undesirable changes in the genetic
background of transgenic plants. The frequency and severity
of somaclonal variation occurring in some transformed
plants, such as barley, has been shown to be unexpectedly high
(Bregitzer et al. 1998), with many changes in important
agronomic characteristics being observed. Bregitzer et al.
(1998) found that the transformation process appeared to

induce greater somaclonal variation than tissue culture in the
absence of transformation.

The potential to increase the tolerance of subterranean
clover to bromoxynil by inserting new genes raises a number
of issues, including the weed potential of the more resistant
cultivars and the likelihood of the gene escaping to other
cultivars of the same species through outcrossing. These
issues were reviewed by Dear et al. (1995a) and assessed as
posing a low risk. Key factors in this decision were that
subterranean clover exhibits a very low rate of outcrossing,
the range of herbicides available for controlling the species
is not reduced, and the bxn gene is not likely to convey an
advantage to cultivars in areas where the herbicide is not
applied, such as in native pastures.

Importantly, inserting the bxn gene significantly
increased the tolerance of subterranean clover to bromoxynil
herbicides and herbicide mixtures containing bromoxynil.
The level of tolerance conveyed by the bxn gene can be used
to change the timing of application and reduce the rate of
herbicide applied to pastures. Furthermore, this technology
would be useful for maintaining seed crop purity in
subterranean clover to reduce contamination by older
cultivars. In permanent pastures, the new technology could
be used to introduce new cultivars to areas where the existing
background seed reserves of older cultivars would otherwise
restrict the successful introduction of new cultivars. This is
particularly important where the existing cultivars are
oestrogenic and there are few options to reduce the soil seed
reserves of these cultivars to low levels. 

The research has also highlighted that other important
agronomic and physiological characteristics may be altered,
with either positive or negative implications for the
competitiveness and productivity of the plant. This
variability between the transgenic lines with regard to
agronomic characters other than herbicide tolerance
reinforces the need to thoroughly investigate the general
agronomic and ecological fitness of transgenic lines prior to
their release, as it cannot be assumed that they possess all the
characteristics of the uncultured ‘parent’ cultivar.
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