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Abstract
An auxinic herbicide-resistant biotype of wild mustard was discovered in western Canada in a field sprayed once each year for ten years
with combinations of 2,4-D, MCPA and dicamba. Earlier research suggests that the resistance may be due to altered binding of auxinic
herbicides to an auxin-binding protein (ABP) in wild mustard. To further elucidate the role of ABP in inducing auxinic herbicide responses in
wild mustard, a series of in vitro experiments were initiated. A protocol for generating cell suspensions of both auxinic herbicide-resistant (R)
and -susceptible (S) wild mustard was developed from callus cultures. Auxinic herbicide-induced physiological responses (e.g. cell
elongation or lateral root formation) of R and S biotypes were compared with ABP1 antisense tobacco (NAS1), as well as to ABP1 overexpressing Arabidopsis in cell suspension and seed culture experiments, respectively. Upon treatment with either NAA (synthetic auxin) or
picloram (auxinic herbicide), there was an increased cell elongation in the S biotype and wild-type tobacco, whereas there was no cell
elongation in cell suspensions of the R biotype and NAS1. A dose–response assay measuring picloram-induced lateral root formation in the in
vitro seed cultures of wild mustard and Arabidopsis showed excessive lateral root formation in the S biotype (0.5–10 mM) and ABP1 overexpressing Arabidopsis (1 mM). These results correlate with the differences between ABP (a potential auxin receptor) levels in R and S wild
mustard and this difference may be a possible mechanism of resistance to auxinic herbicides.
# 2005 Elsevier Ireland Ltd. All rights reserved.
Keywords: Arabidopsis; Auxin-binding protein; Auxinic herbicides; Cell elongation; Lateral roots; Tobacco

1. Introduction
High doses of auxin and auxinic herbicides induce
several similar effects including cell elongation, epinasty
(downward curling of leaf petiole), hypertrophy (abnormal
growth of internodal region), and excessive lateral root
formation in sensitive species. However, the precise
Abbreviations: ABP, auxin-binding protein; BAP, benzyl amino-purine; 2,4-D, (2,4-dichlorophenoxy)acetic acid; IAA, indole acetic acid; KH2
PO4, potassium di-hydrogen phosphate; MCPA, (4-chloro-2-methylphenoxy)acetic acid; MS, Murashige and Skoog; NAA, naphthalene acetic
acid; NAS1, nicotiana antisense
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mechanism of action of both auxin and auxinic herbicides
remain unknown 60 years after their discovery [1].
Knowledge about the mode of action of auxin can be
related to the mechanism of auxinic herbicide action due to
several structural and resulting physiological and biochemical similarities between these compounds [1].
Wild mustard (Brassica kaber syn: Sinapis arvensis) is a
common weed in cereal crops and can be effectively
controlled with auxinic herbicides such as dicamba, MCPA
and 2,4-D. The discovery of a wild mustard biotype [2] that
is resistant (R) to a combination of auxinic herbicides offers
several avenues to characterize the physiological, biochemical and molecular basis of auxinic herbicide resistance in
this species [3]. It has been reported that the resistance to
auxinic herbicides (i.e., picloram, 2,4-D, dicamba and
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MCPA) in R wild mustard is not due to changes in herbicide
absorption, translocation, sequestration or metabolism [4].
However, analysis of 3H-IAA binding to auxin-binding
protein (ABP) indicates that there are both low- and highaffinity binding sites in auxinic herbicide-susceptible (S)
wild mustard, whereas there is only a low-affinity binding
site in the R biotype [5]. Furthermore, herbicide resistance
was associated with the extent of auxinic herbicide binding
to ABP(s) in R and S wild mustard [5,6]; consequently, the
associated cascade of biochemical and physiological
responses triggered by binding were different in the two
biotypes.
ABP(s) have been well characterised in several systems,
viz., corn, tobacco, radish and Arabidopsis [7]. Investigations uncovering the mode of action of auxins have also
provided evidence for the role of ABP as a potential auxin
receptor, responsible for several auxin-induced effects in
plants [8,9]. The biochemical changes such as Ca2+ influx,
plasma membrane ATPase activity and increased nucleic
acid and protein synthesis are believed to be elicited by ABP
which binds with auxin [10–12]. However, there is no
conclusive evidence demonstrating the function of ABP(s)
as auxin receptors and sites for triggering auxinic herbicide
action.
To further elucidate the role of ABP(s) in auxinic
herbicide resistance in wild mustard, this investigation was
initiated using in vitro cell and seed culture systems based on
the hypothesis that resistance may be due to differences in
the interaction of auxinic herbicides with a primary target
site (ABP) in wild mustard. Auxinic herbicide-R and -S
biotypes collected from Gilbert plains and Minto Manitoba,
Canada, respectively, were used in this research. The
resistant biotype was identified in a field that was repeatedly
treated with a combination of MCPA, dicamba and 2,4-D
over a 10-year period. The specific objectives were (i) to use
single-cell suspensions to evaluate the effects of auxin and
auxinic herbicides on cell elongation of R and S wild
mustard biotypes compared to ABP1 antisense and wildtype tobacco, and (ii) to assess the responses of an auxinic
herbicide (picloram) on lateral root formation of R and S
wild mustard as well as ABP1 over-expressing and wild-type
Arabidopsis.

2. Materials and methods
Cell suspensions of R and S biotypes of wild mustard
were developed from callus cultures. Cell suspensions of
ABP1 antisense (NAS1) and wild-type tobacco as well as the
seed of the two Arabidopsis ABP1 over-expressing lines (#
19, # 30) and a wild type (# 4) were kindly provided by Dr.
A.M. Jones (department of biology, University of North
Carolina at Chapel Hill, NC, USA). Over-expression of
ABP1 in independent transformants (# 19, # 30) of
Arabidopsis has been shown in Dr. Jones laboratory
(personal communication).

2.1. Cell culture experiments
2.1.1. Development of cell suspensions of wild mustard
2.1.1.1. Callus induction from the R and S biotypes. About
50 seeds of both R and S wild mustard were surface
sterilized with 80% alcohol for 2–3 min and treated for 10–
12 min with 50% bleach containing a drop of Tween 20. The
seeds were rinsed four to five times with sterile distilled
water. The sterilized seeds were cultured aseptically on MS
medium containing MS salts [13], MS vitamins and 3%
sucrose. The medium was gelled with 8 g/L of agar. The pH
of the medium was adjusted to 5.7 before autoclaving at
121 8C for 20 min.
Four to five seeds were cultured in each Petri dish
(100  15 mm), which contained 20 ml of medium. Petri
dishes were sealed with Parafilm and the cultures were
incubated in the dark at room temperature. The seeds
germinated after a week of initial culturing and 2-week-old
seedlings (1 each) were transferred aseptically into Magenta
boxes (300-ml plastic vessels, Magenta Corp., Chicago, IL,
USA) containing 50 ml of the medium described above. The
cultures were incubated in a growth room at 24 8C in light
(16-h photoperiod; 50 mmol s 1 m 2) provided by cool
white fluorescent lamps (Philips Canada, Scarborough, ON).
After 6–7 weeks of initial culturing, leaf discs of about 1 cm
were excised aseptically using a scalpel from the seedlings
of R and S wild mustard and cultured on various media
combinations (described below) for callus induction.
In preliminary experiments, the callus induction medium
contained MS salts, MS vitamins, and sucrose (3%),
supplemented with either NAA (0.05–2 mg/L), BAP (0.5–
2 mg/L), or combinations of the two chemicals. Although
the leaf explants initiated callus on several media
combinations, the callus was not friable and could not be
used to make cell suspensions upon transfer to liquid
medium. However, both R and S wild mustard produced
friable callus, which was used to produce actively growing
cell suspensions (see below), when grown on MS medium
containing MS salts, sucrose (3%), myo-inositol (100 mg/
L), and thiamine (1 mg/L), supplemented with NAA
(0.1 mg/L) and BAP (1 mg/L). The pH of the medium
was adjusted to 5.7 before autoclaving at 121 8C for 20 min.
Every two weeks thereafter, the initial callus was subcultured on the fresh medium (same as the callus induction
medium). Actively growing callus of both the R and S wild
mustard was used for initiating cell suspensions.
2.1.1.2. Initiation of cell suspensions from callus cultures
of R and S wild mustard. To develop single-cell suspensions
of wild mustard, undifferentiated actively growing R and S
wild mustard callus (pieces of 3–5 mm length) were
transferred to 125-ml Erlenmeyer flasks containing 25 ml
of liquid medium (same media composition as that of callusinduction medium except agar which was not added). These
cultures were incubated in the dark on a rotary shaker at
150 rpm. One week following callus transfer, single cells
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and cell aggregates were released into the medium. After
10 d, the cell suspensions (10 ml) from these cultures were
sub-cultured into 50 ml of fresh liquid medium contained in
sterile 125-ml Erlenmeyer flasks, and thereafter, the cell
growth was recorded as follows.
Ten-day-old cell suspensions were transferred aseptically
into sterile-disposable graduated centrifuge tubes (50 ml)
and were centrifuged at 1000 rpm for 10 min. The volumes
of the cells in the liquid were recorded. The content of each
centrifuge tube was aseptically transferred to a new 125-ml
sterile Erlenmeyer flasks and the cells were allowed to grow
in the dark for seven additional days on a rotary shaker at
150 rpm. The cell suspensions were centrifuged again as
described above. The new volume of the cells in each liquid
culture was recorded. The active cell growth was assessed
from the initial and final volumes. Subsequently, 1 ml of the
actively growing cell suspension was transferred to 50 ml of
fresh liquid medium in a new 125-ml sterile Erlenmeyer
flask every two weeks for continuous growth of the cells.
2.1.2. Maintenance of cell suspensions of tobacco
Cell suspensions of ABP1 antisense (NAS1) and wildtype (BY-2) tobacco were maintained by regular subculturing as follows: one millilitre of actively growing cell
suspension of each tobacco cell line was transferred
separately to a 250-ml sterile Erlenmeyer flask containing
50 ml of the liquid medium. The medium consisted of MS
salts, sucrose (3%), thiamine (1 mg/L), myo-inositol
(100 mg/L), KH2 PO4 (255 mg/L), supplemented with
2,4-D (0.2 mg/L). The medium (pH 5.0) was autoclaved
at 121 8C for 20 min. Cultures were incubated in the dark on
a rotary shaker (150 rpm).
2.1.3. Cell suspensions and treatment with auxin and
auxinic herbicides
One week after sub-culturing, the actively growing cell
suspensions of R and S wild mustard, as well as ABP
antisense and wild-type tobacco-suspension cultures were
treated with either NAA or picloram. Cell suspensions were
grown on auxin-free cell suspension medium (as described
above for the R and S wild mustard as well as NAS1 and
wild-type tobacco) for 3 d before treatment. Twenty-four
well tissue-culture plates (Corning Inc.; NY, USA) were
used for these experiments. A cell suspension (1 ml) of each
genotype (R and S wild mustard, as well as NAS1 and wildtype tobacco) were aseptically added to each well and NAA
or picloram at 0, 0.1, 0.5, 1, 5, 10 or 100 mM was added.
Each treatment was replicated twice. The plates were sealed
with two layers of Parafilm and incubated in the dark on a
rotary shaker at 150 rpm.
Four and eight days after treatment, samples from
tobacco and wild mustard cell cultures were observed under
a light microscope (Axiostar; Zeiss Inc., Germany). The
images of the cells were taken through a digital camera
(Sony, 3.3 mega pixels) attached to the microscope and the
cell length (mm) of all the treated cells including controls
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was recorded using a software package (Axiovision; Zeiss
Inc., Germany). In each replication, about 25 observations
were recorded; all experiments were repeated twice.
2.2. Seed culture experiments
Seeds of R and S wild mustard (from the same source as
mentioned before) as well as ABP over-expressing and
wild-type (Columbia) Arabidopsis were cultured aseptically on MS medium. About 120–130 (200 mg) seeds of
R and S wild mustard were surface and sterilized for 2–
3 min with 80% alcohol and then treated for 10–20 min
with 50% bleach containing a drop of Tween 20. Seeds
were rinsed 4–5 times with sterile distilled water. For
Arabidopsis, 3 mg of ABP over-expressing lines (# 19, #
30) and wild-type (# 4) seed were surface-sterilized for 1–
2 min with 80% alcohol prior to treatment with 30%
bleach for 10–15 min. The seeds were rinsed four to five
times with sterile distilled water.
The sterilized seeds of R and S wild mustard were
cultured aseptically on MS medium containing MS salts,
vitamins, and 3% sucrose supplemented with NAA or
picloram at 0, 0.1, 0.5, 1, 5 or 10 mM (added to the medium
after autoclaving). The medium was gelled with 8 g/L of
agar and the pH of the medium was adjusted to 5.7 before
autoclaving at 121 8C for 20 min. Four to five seeds were
cultured in each Petri dish (100  15 mm) containing 20 ml
medium. Petri dishes were sealed with Parafilm and the
cultures were incubated in the dark at room temperature.
Arabidopsis seed was also cultured and treated similarly
except that the medium containing 10 mM estradiol as an
inducer (for trasgene expression). Furthermore, the Arabidopsis cultures were maintained in the dark at 4 8C for 3 d
(to enhance seed germination) before being incubated at
room temperature. Each treatment was replicated 3–4 times
for wild mustard and Arabidopsis, respectively.
All the seed cultures were assessed for lateral root
formation. Fresh weight of roots (mg) was recorded 3 and 5
weeks after culturing wild mustard and Arabidopsis,
respectively.
2.3. Statistical analyses
All experiments (cell culture and seed culture) consisted
of a completely randomized design and all experiments were
repeated at least twice. The data from each experiment were
subjected to an analysis of variance (ANOVA; P  0.01) and
means were separated using LSD (P  0.01).

3. Results and discussion
Mutants with resistance to herbicides are excellent tools
to uncover and/or understand pathways responsible for the
physiological and biochemical effects induced by these
compounds. Several auxin-resistant mutants have been
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Fig. 1. Effect of 0, 0.1, 0.5, 1, 5, and 10 mM NAA (a) and picloram (b) on
cell elongation of susceptible (‘-’ line;^) and resistant (‘- -’line;&) wild
mustard biotypes. Bars represent SEM. Data on the x-axis are in logarithmic
scale. Analysis of variance indicated a significant (P  0.01)
dose  biotype interaction.

developed in Arabidopsis through induced mutations [14–
17] and have played pivotal roles in elucidating potential
mechanisms of auxin’s action. Similarly, herbicide-resistant
biotypes also play a primary role in illustrating the
mechanism of action of these compounds [3–5]. Auxinic
herbicide-resistant Brassica kaber thus offers an excellent
system to understand the mechanism of action of these
agriculturally important compounds. In this study, auxinic
herbicide R and S wild mustard were used to show auxinic
herbicide elicited in vitro physiological responses in cell and
seed cultures and compare their responses with those of
ABP1 over- and under-expressing Arabidopsis and tobacco
lines, respectively.
The most important and well-established auxin and
auxinic herbicide-induced effects in plants include cell
elongation, cell division, and lateral root formation [18–21].
Both auxin and auxinic herbicide-induced cell elongation
and lateral root formation were the focus of this investigation. To test the hypothesis that auxinic herbicide resistance
in R wild mustard is due to ABP concentration [5], cell
elongation in R and ABP1 antisense tobacco (NAS1) were
compared following the treatment with NAA or Picloram.
(ABP1 was undetectable in NAS1 when probed with several

Fig. 2. Effect of 0, 0.1, 1, 10 and 100 mM NAA (a) and picloram (b) on cell
elongation of wild-type (‘-’ line;^) and ABP1 antisense (‘- -’line;&) lines
of tobacco. Bars represent SEM. Data on the x-axis is in logarithmic scale.
Analysis of variance indicated a significant (P  0.01) dose  line interaction.

ABP1 specific antibodies [22]). Conversely, lateral root
formation in the S biotype of wild mustard, which has a
higher concentration of ABP than R [5] was compared to
ABP1 over-expressing Arabidopsis following treatment
with picloram. Therefore, ABP1 antisense tobacco and
ABP1 over-expressing Arabidopsis may be considered as
surrogates of R and S wild mustard, respectively.
This is the first report of the establishment of callus
cultures of wild mustard. Furthermore, a protocol for
producing single-cell suspensions of R and S wild mustard
was developed. MS medium containing MS salts, sucrose
(3%), myo-inositol (100 mg/L), and thiamine (1 mg/L),
supplemented with NAA (0.1 mg/L) and BAP (1 mg/L) was
found to be optimal for initiating the growth of callus as well
as single-cell suspensions of both R and S wild mustard.
Dose–response assays were also developed to assess
picloram-induced lateral root formation in seed cultures
of wild mustard and Arabidopsis.
3.1. Effect of NAA and picloram on cell elongation of
wild mustard and tobacco
Single-cell suspensions of wild mustard and tobacco
responded similarly to both picloram and NAA, 4 and 8 days
after treatment, respectively. There was a dose-dependent
increase in cell elongation in the S biotype of wild mustard
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Fig. 3. Single-cell suspensions of wild mustard: a and b show the untreated cells of susceptible (S) and resistant (R) biotypes, respectively; c and d show the
effect of picloram (1 mM) on the S and R cells, respectively (scale bar: 10 mm).

and the wild-type tobacco in response to both NAA and
picloram treatment (see Figs. 1–4). In contrast, there was
little or no cell elongation in suspensions of R wild mustard
and NAS1 tobacco treated with the same doses of NAA and
picloram (see Figs. 1–4). The effect of NAA on cell
elongation of both NAS1 and wild-type tobacco observed in
this study was in accordance with the results reported by
Chen et al. [22] using the same tobacco lines.
3.2. Effect of picloram on lateral root formation of wild
mustard and Arabidopsis
Seed culture experiments indicate that addition of
picloram to the medium induced excessive lateral root
formation with a concomitant increase in fresh-root biomass
in the S biotype of wild mustard, whereas the R biotype
formed normal roots at all doses of picloram (Fig. 5). In the
case of Arabidopsis, ABP over-expressing lines # 19 and #
30 were 5 times more sensitive (1 mM) to picloram than
the wild type (5 mM; Figs. 6 and 7a–f).
Seed culture experiments were also conducted using
NAA as the source of auxin. While significant differences
(similar to picloram) were found between lateral root
formation in R and S wild mustard, there was no significant

effect of NAA on ABP1 over-expressing and wild-type
Arabidopsis (data not shown). It has been reported [23] that
the dose-dependent physiological and biochemical effects
produced by auxins and auxinic herbicides depend largely
on the chemical structure of these compounds (the structure–
activity relationship, i.e., potency depends on structure),
their persistence (i.e., half-life of molecule) in the plant,
cellular concentration, tissue type, and the stage of organ
development. Therefore, differences in root biomass in
response to NAA and picloram may be attributed to
differences in their potency (picloram > NAA) and/or
persistence (picloram > NAA). Seed culture experiments
were not conducted with wild-type and ABP1 antisense
tobacco lines because the transgenic lines were developed as
cell suspensions (Dr. Jones laboratory) and the cells would
not differentiate to produce plants, and subsequently the
seed (data not shown).
The results of these experiments suggest that cell
elongation was similar in ABP1 antisense tobacco and R
wild mustard when either NAA or picloram was used
(Figs. 1a and b; 2a and b; 3a–d; 4a–d). Likewise, lateral root
growth of ABP1 over-expressing Arabidopsis (lines # 19, #
30) and S wild mustard was similar following treatment with
picloram (Figs. 5, 6 and 7a–f), suggesting that differences in
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Fig. 4. Single-cell suspensions of tobacco: a and b show the untreated suspension of NAS1 and wild type, respectively; c and d show the effect of picloram
(1 mM) on NAS1 and wild-type cells, respectively. (Scale bar: 10 mm).

the concentration of ABP in R (low) and S (higher) wild
mustard may influence their sensitivity to auxinic herbicides.
Auxin-induced cell elongation has been well characterised in several systems; this effect has been related to the
H+ efflux leading to acidification of cell walls, i.e. the
apoplast matrix [18]. The resulting high pH activates
enzymes, which act on cell wall extensibility [24]. Similarly,
auxinic herbicide-induced cell elongation has also been
reported due to activation of plasma membrane ATPase,
resulting in H+ extrusion through the plasma membrane into
the cell wall [21,25]. Furthermore in wild mustard, a light
scattering study indicated that the signal amplitudes from
picloram-treated S protoplasts resulted in the increased H+

efflux, whereas the protoplasts from R biotype were
unaffected [6]. Therefore, picloram and NAA-induced cell
elongation in both S wild mustard and wild-type tobacco is
probably due to increased H+ efflux into the cell wall.
Several proteins have been shown to bind auxins and
auxinic herbicides and the likelihood of these ABPs being
auxin receptors with physiological and biochemical activity
has been extensively discussed [9,26]. Among a number of
ABPs discovered, only ABP1 has been reported to have a
high-affinity binding site coupled with good specificity for

Fig. 5. Effect of picloram on root biomass of susceptible (‘-’ line;^) and
resistant (‘- -’line;&) wild mustard biotypes. Bars represent SEM. Data on
the x-axis is in logarithmic scale. SEM. bars are not visible where they are
smaller than the symbol. Analysis of variance indicate a significant
(P  0.01) dose  biotype interaction.

Fig. 6. Effect of picloram on root biomass of Arabidopsis wild-type (‘- ’line;&) ABP1 over-expressing [(‘-’ line;~) and (‘-’ line;^)] lines. Bars
represent SEM. Data on the x-axis are in logarithmic scale. SEM bars are not
visible where they are smaller than the symbol. Analysis of variance
indicated a significant (P  0.01) dose  line interaction.
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Fig. 7. Arabidopsis seed cultures. a, b and c represent untreated cultures of wild type (# 4) and ABP over-expressors (# 19 and # 30), respectively; d, e and f
illustrate the effect of picloram (1 mM) on seed explants of # 4, # 19 and # 30, respectively (scale bar: 10 mm).

active auxin [27]. Although the other ABPs have sites for
binding to hydrophobic ligands, these sites show low
specificity and no regulatory function, and therefore they are
not considered to be functional receptor proteins [27]. In
addition, the best understood candidate for auxin-induced
cell elongation in plants is ABP1 [9,22,28]. The role of
ABP1 in activating proton pump ATPase through hyperpolarization [12], flux through potassium channels [29] and
voltage dependent anion channels [30] has also been shown
in plants. Recently for example, over-expression of ABP1 in
transgenic tobacco plants has been demonstrated to have
significant influence on K+ fluxes in intact guard cells [31].
Furthermore, embryogenesis was arrested in Arabidopsis
ABP1 homozygous knockout plants. Addition of a
transgenic functional copy of ABP1 rescued this embryonic-lethal phenotype [22]. Chen et al. [22] also suggest that
ABP1 is required early in plant development and the ABP1
knockout embryos cease to develop after the globular stage
because of improper orientation of the cell wall resulting in
failure of cell elongation. Therefore, the responses of ABP1
antisense tobacco and R wild mustard cultures (i.e. no
response to auxin-induced cell elongation) observed in this
research may be related to decreased affinity or quantities of
ABP, which may result in reduced sensitivity of both types of
plant cell cultures to NAA and picloram.
Initiation and stimulation of lateral and adventitious roots
have also been touted as an auxin-induced response. Auxin
stimulates cells to divide in the pericycle region resulting in
formation of lateral and adventitious roots. In Arabidopsis,
alf1 (aberrant lateral root formation) mutants exhibit
excessive proliferation of lateral roots and this effect was

associated with increased endogenous auxin levels [20].
Also in several auxinic herbicide-susceptible species,
production of excessive adventitious roots has been
observed after treatment with these herbicides.
In conclusion, comparison of the response of both ABP1
antisense tobacco cells and ABP1 over-expressing Arabidopsis plants with R and S wild mustard following treatment
with NAA or picloram, suggests that differences in ABP
concentrations in R (lower ABP concentration) and S
(higher ABP concentration) wild mustard may explain their
respective sensitivity to the auxinic herbicides. However, the
conclusive link between ABP concentration and sensitivity
to auxinic herbicides in wild mustard has not yet been
demonstrated. Differential expression of ABP from R and S
wild mustard in ABP null mutants of Arabidopsis may help
us discern whether the level of ABP expression determines
the sensitivity of the respective wild mustard biotype to
auxin and auxinic herbicides.
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