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Abstract Brassica oleracea can be genetically engineered
using Agrobacterium rhizogenes. The initial stage of this
process is the production of transgenic (‘hairy’) roots;
shoots are subsequently regenerated from these roots.
Previous work using gus and gfp reporter genes has
shown that genotypes of B. oleracea vary in their per-
formance for transgenic root production. Quantitative
trait loci (QTLs) controlling this trait have been located
in one mapping population. The current study provides
evidence that performance for transgenic root produc-
tion is associated with performance for adventitious
(non-transgenic) root production in B. oleracea across a
second mapping population. This is shown by regression
analyses between performance for the two traits and the
demonstration that QTLs controlling the two traits map
to the same positions within the genome. Since the rate of
adventitious root production does not differ significantly
in the presence and absence of A. rhizogenes, there is no
evidence that the expression of Agrobacterium genes in-
duces adventitious root production. It is apparent that
genotypes exhibiting high adventitious root production
in the absence of A. rhizogenes will also tend to show
high transgenic root production, thereby allowing the
selection of lines that are more efficiently transformed.

Introduction

Agrobacterium-mediated transformation has become the
most commonly used method for plant genetic engi-

neering (Puddephat 2003). The interactions between
Agrobacterium and plant cells are complex, but consid-
erable progress has been made determining the functions
of virulence (vir) genes in the bacterium (Gelvin 2000). In
recent years, a number of plant genes, proteins and
metabolites that act to control components of the plant-
Agrobacterium interaction have also been discovered
(Tzfira and Citovsky 2002; Gelvin 2003). In the early
stages of the interaction, a vitronectin-like protein
(Wagner and Matthysse 1992; Swart et al. 1994) and an
arabinogalactan protein (Nam et al. 1997, 1999) have
been shown to play a role in Agrobacterium attachment
to plant cells, while a component of a plant exudate has
been demonstrated to specifically inhibit vir gene
expression (Zhang et al. 2000). The bacterial proteins
VirD2 and VirE2 play a role in delivering T-DNA into
the plant nucleus, and there is evidence that several plant
proteins interact with these and influence the efficiency
of this process. For example, VirD2 binds to three
members of a cyclophilin-chaperone family (Deng et al.
1998), to a protein phosphatase (Gelvin 2000) and to a
karyopherin a-protein (Ballas and Citovsky 1997), while
VirE2 binds to proteins denoted as VIP1 (Tzfira et al.
2001) and VIP2 (Tzifira and Citovsky 2000). The final
stage of the interaction is the integration of T-DNA into
the plant genome by illegitimate recombination. His-
tone H2A has been shown to be involved in this process
(Mysore et al. 2000), and it is probable that plant DNA
repair enzymes also play key roles (Ziemienowicz et al.
2000). While it seems likely that only a proportion of the
plant genes that influence the efficiency of T-DNA
transfer have been identified to date, variation at such
loci must be responsible for some of the differences in
the efficiency of Agrobacterium-mediated transformation
commonly encountered among the genotypes (breeding
lines or varieties) of individual plant species (see, for
example, Sangwan et al. 1991; Barg et al. 1997; Cogan
et al. 2001).

Previous work on Brassica oleracea has resulted in
the development of transformation protocols employing
both Agrobacterium tumefaciens and A. rhizogenes
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(Poulson 1996; Puddephat et al. 1996). Anther culture
can be used to produce doubled haploid (DH) plants of
B. oleracea, and a DH mapping population, known as
the AG population (Sebastian et al. 2000), has been
used for the genetic analysis of transformation-associ-
ated traits using both Agrobacterium species. When
A. tumefaciens is used in genetic engineering protocols,
the wild-type T-DNA has been deleted from the Ti
plasmid and an engineered T-DNA, without the
tumorigenic genes but normally containing a selectable
marker and/or reporter gene, is delivered to the plan-
t—often from a binary plasmid. This strategy is neces-
sary because it is extremely difficult to regenerate whole
plants from tumour cells (Guerche et al. 1987), and even
where this is possible, the regenerants are likely to be
chimeric. The A. tumefaciens-based protocol for B.
oleracea transformation has employed just such a binary
plasmid system to deliver transgenes to plant cells; shoot
regeneration from these transformed cells follows.
Diallel analyses carried out using the AG population
have indicated that the variation observed in suscepti-
bility to A. tumefaciens was attributed to both additive
and dominant gene effects and that a highly significant
quantitative trait locus (QTL) is located on linkage
group (LG) 9 (Sparrow et al. 2004a). A subsequent
diallel analysis demonstrated that both shoot regenera-
tion and the production of multiple shoots are con-
trolled by additive and dominant gene effects (Sparrow
et al. 2004b). The demonstration that both shoot
regeneration and susceptibility to A. tumefaciens are
good phenotypic markers for performance in transfor-
mation has allowed their use in the selection of geno-
types from within the AG population that can be
transformed with high efficiency (Sparrow et al. 2004c).

Parallel genetic analyses carried out using an A. rhiz-
ogenes-based transformation protocol with the AG DH
population of B. oleracea have revealed that the trans-
formation process is different from that with A. tum-
efaciens-induced tumours. When A. rhizogenes is used, it
is frequently possible to regenerate plants from the
transgenic roots—named ‘‘hairy roots’’ by Tepfer
(1990)—which are the visible symptom of wild-type
T-DNA transfer by this species of Agrobacterium. Fur-
thermore, since each root is produced from a single cell,
all cells of a regenerated plant will have the same
(transgenic) genotype. The regeneration of whole plants
from hairy roots has been demonstrated for B. oleracea
(Puddephat et al. 1996). These hairy roots have been co-
transformed with T-DNAs from both the wild-type Ri
(root-inducing) plasmid and from a binary plasmid
bearing a reporter gene. Using the green fluorescent
protein (gfp) transgene, Cogan et al. (2001) showed that
there are significant differences in the efficiency of
A. rhizogenes-induced production of transgenic roots
across a set of B. oleracea genotypes. QTLs controlling
the production of transgenic roots have been identified
on linkage groups 1, 3 and 7 (Cogan et al. 2002). Fur-
ther analysis of these QTLs has been carried out using a
set of substitution lines in which small segments of the

GDD33 genome have been introgressed into the
A12DHd background (Ramsey et al. 1996; Rae et al.
1999), thereby confirming and redefining the genetic
locations of the QTLs (Cogan et al. 2004). The use of a
b-glucuronidase (gus) reporter gene in time-course
experiments and an ‘‘orthogonal set’’ of genotypes
(containing all eight possible combinations of ‘‘positive’’
and ‘‘negative’’ alleles at the three QTLs) also allowed
the determination of the stage of transformation at
which these genes have their effects. During these anal-
yses, QTLs for both transgenic and non-transgenic
adventitious root production have been identified in
B. oleracea. Two of the QTL regions identified were
common to both transgenic and non-transgenic root
production (Cogan et al. 2004).

In the investigation reported here, we have used an
independent B. oleracea mapping population (the ‘‘NG’’
rather than the ‘‘AG’’ population) to identify QTLs
controlling transgenic root production following the
incubation of B. oleracea explants with A. rhizogenes.
The previous genetic analyses have suggested that
genotypes with superior performance for adventitious
root production are easier to transform using A. rhizog-
enes. A major objective of this work was to test this
hypothesis by determining whether the performances of
DH progeny lines for transgenic root production and for
non-transgenic (adventitious) root production are asso-
ciated and by determining whether QTLs for the two
traits map to the same genomic positions. An additional
objective was to test the possibility that the production
of phenotypically normal, non-transgenic roots is en-
hanced by treatment with A. rhizogenes as has previ-
ously been reported in some other species (Van
Wordragen et al. 1992; Yibrah et al. 1996; Falasca et al.
2000). To investigate this, adventitious root production
was monitored in B. oleracea lines in both the presence
and absence of A. rhizogenes.

Materials and methods

Plant material and culture conditions

Plant material included seeds of the DH cauliflower line
Nedcha (N) (Brassica oleracea var. botrytis) and the DH
Brussels sprout line Gower (G) (B. oleracea var. gem-
mifera) as well as of 48 genotypes of the DH NG map-
ping population that were produced by microspore
culture using F1 progeny following the crossing of the
Nedcha and Gower lines (Sebastian et al. 2000). The
seeds were first surface-sterilised by submersion in a
1.7% (w/v) solution of sodium dichlorciscyanurate for
6 min, rinsed twice in sterile purified water and air-dried
under aseptic conditions for at least 4 h. The dried seeds
were then stored at 5�C until required. For germination,
the seeds were placed in 25-compartment, 100-mm2 re-
pli-dishes (Bibby Sterilin; Barloworld Scientific, Stone,
Staffordshire, UK). Each compartment contained 1 ml
of water agar (6 g/l) and three seeds of each genotype.
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The seeds were initially incubated for 3 days at 15±2�C
under a 12/12-h (light/dark) photoperiod with light
supplied at an intensity of 250 lmol/m2/s2); this was
followed by a further 3 days at 22�C under a 16/8-h
(light/dark) photoperiod (at 80 lmol/m2/s2).

Transformation procedure

Agrobacterium rhizogenes strain LBA9402 (Spano et al.
1982) harbouring the binary plasmid pBIN-m-gfp-5ER
(Haseloff et al. 1997) containing the gfp reporter gene
driven by a cauliflower mosaic virus (CaMV) 35S pro-
moter was used for inoculation purposes. Cultures were
maintained on semi-solid YMB medium (Gelvin and Liu
1994) supplemented with 50 mg/l kanamycin for main-
tenance of the binary plasmid. For plant transformation,
Agrobacterium cells were suspended in MGL broth
(Walkerpeach and Velten 1994) and incubated overnight
at 25�C on a shaking platform (175 rpm). The bacterial
cells were then pelleted by centrifugation at 11,600 g for
5 min and resuspended in liquid Murashige and Skoog
(1962) medium containing 30 g/l sucrose (MS30) and
1 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D) to pro-
duce an optical density (A600 nm) of 1.0±0.1.

The method of transformation was as described in
Puddephat et al. (2001). Explants for the transformation
experiments were excised from 6-day-old aseptic B. ol-
eracea seedlings by cutting the hypocotyl approximately
5 mm below the cotyledons. The explants were then
inverted, with the cut end of the hypocotyls facing up-
wards, and placed onto MS30 medium supplemented
with 200 mg/l cefotaxime in 5-cm-deep petri dishes with
three explants per dish. The explants were inoculated
with either a 2-ll drop of resuspended Agrobacterium,
which was placed onto the cut surface of the hypocotyls,
or with 2 ll of an inoculum consisting only of culture
medium and 2,4-D and no A. rhizogenes and incubated
at 22�C under a 16/8-h (light/dark) photoperiod (as
described for germination). Thirty-five days following
inoculation, all explants were scored for the number of
adventitious roots produced and, in the case of those
inoculated with A. rhizogenes, for the number of trans-
genic roots. Transformation events were detected by
illuminating samples with long-wave UV light, using a
hand-held lamp (UVP, B-100 AP) and a UV face-shield
(UVC-803). Transgenic roots showed lime-green fluo-
rescence due to the presence of GFP. Roots that did not
show any visible fluorescence were scored as adventi-
tious (non-transgenic).

Experimental design and analysis

A total of 15 replications were performed on separate
occasions, each consisting of three explants from each of
the 48 genotypes and both parents (a total of 2,250
individual explants). Cut hypocotyls were inoculated,
one with only culture medium and two with medium

containing A. rhizogenes. Predicted mean data sets for
the number of GFP-fluorescing and adventitious roots
produced per explant for each DH line were calculated
using a generalised linear model (McCullaugh and Nel-
der 1987). The predicted means obtained were analysed
with Poisson error and log link functions to assess the
validity of the values and normality of the distribution.

QTL analysis

Prior to QTL analysis, an analysis of variance was per-
formed on the means for numbers of transgenic and
adventitious roots produced per explant for the parents
and the NG lines. This confirmed that the lines differed
significantly for each of these quantitative traits and
produced a value for the additive genetical variance, VA.
Square root transformation of the data was carried out
before QTL analysis in order to improve the normality
and fit of the data to the QTL models in comparison to
normally distributed but untransformed data.

A subset of marker loci was selected from the genetic
linkage map for the NG population developed by
Sebastian et al. (2000). This provided an even coverage
of the genome, with the markers spaced approximately
10 cM apart using the consensus map distances provided
by Sebastian et al. (2000) and marker scores for indi-
vidual NG genotypes at each locus. The predicted mean
data sets for GFP-fluorescent root production and
adventitious root production for all genotypes were
analysed by ANOVA for each linkage group in order to
detect correlations between the sum of the mean scores
and marker alleles (marker means). Analysis of the
marker means considered all individual associations
between marker scores and trait performance. These
tests are significant to the 5% level and highlight areas of
significance for each trait along each linkage group,
thereby providing an initial estimate of QTL presence
and location. To investigate these regions in more detail,
QTL analysis was performed by marker regression and
interval mapping using the QTL CAFÉ software (http://
www.biosciences.bham.ac.uk/labs/kearsey).

The marker regression method proposed by Kearsey
and Hyne (1994) was used to provide estimates of
additive effects and identify QTLs using ANOVA. A single
predicted QTL was only accepted when the residual
mean square figure was not significant at the 5% level,
and the regression mean square was significant at the
1% level. Where a single predicted QTL was significant
using multiple marker regression, the predicted location,
along with centiMorgan confidence intervals and addi-
tive effects, were all calculated using 1,000 simulations.
If the residual test statistic was significant, genetic
models with additional QTL were examined.

The interval mapping approach followed the method
described by Haley and Knott (1992), which uses
flanking markers for ‘‘interval mapping’’ based on
individual observations rather than marker means
(Kearsey and Pooni 1998). Interval mapping (Lander
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and Botstein 1989; Haley and Knott 1992; Jansen and
Stam 1994) was performed on the data set using the
same software to confirm the presence of the QTL when
the residual F test statistic was 0.01.

Results

Hypocotyl stumps of two parental lines of B. oleracea
were incubated in the presence or absence of A. rhizog-
enes and subsequent root production was scored. The
mean total numbers of roots produced by Nedcha and
Gower across all treatments were 15% and 42%,
respectively. When Nedcha and Gower were incubated
in the presence of A. rhizogenes, the proportions of these
roots that were transgenic (GFP-positive) were 10.9%
and 5.7%, respectively. The same analyses were carried
out with DH mapping lines of the NG population
(produced following a cross of Nedcha and Gower). In
the absence of the bacterium, the mean numbers of
adventitious (non-transgenic) roots produced by ex-
plants of genotypes of the DH mapping population
varied from 2.27 (±0.51) to 20.21 (±5.46) per explant
(Fig. 1a) with an overall mean of 9.00. In the presence of
A. rhizogenes, the mean numbers of adventitious roots
produced ranged from 3.29 (±0.395) to 13.00 (±0.785)
per explant (Fig. 1b), with an overall mean of 8.84.
Table 1 shows the generation means for adventitious
root production both in the presence and absence of
A. rhizogenes as well as estimated additive effects. In
both the presence and absence of Agrobacterium there
was significant variation in adventitious root production
across the NG population (P<0.001). Following in-
cubation with A. rhizogenes, the numbers of transgenic
roots were assessed by scoring the fluorescence of GFP
produced as a result of transgene delivery from a binary
plasmid. The values across the NG population ranged
from 0.43 (±0.13) to 5.04 (±0.50) per explant (Fig. 2),
with an overall mean of 2.46 and significant variation
between genotypes (P<0.001). Table 1 also shows the
generation means for transgenic root production as well
as estimated additive effects.

Using the predicted mean data sets, analyses were
carried out to test for significant correlations between
the three traits: transgenic root production and adven-
titious root production in the presence and absence of
Agrobacterium. All of these traits showed significant
correlation (P<0.001; Table 2).

Adventitious root production in the absence
of A. rhizogenes

Preliminary marker means analysis identified regions of
significance for adventitious root production in the ab-
sence of A. rhizogenes on LGs 1, 8 and 9, with no sig-
nificant genetic variation associated with any markers on
any other linkage group (Table 3). Interval mapping
identified a single QTL on the same linkage groups

(Table 4), while marker regression analysis identified
highly significant regression scores on LGs 1, 8 and 9
(Table 4). The residual regression was not significant
(P>0.05) on LGs 1 and 8, however it was significant on
LG 9 (P=0.03). LG 9 was subjected to analysis with a
two-QTL model. This reduced the F statistic from
188.97 to 21.58, although this was still highly significant
(P £ 0.001) and the residual variation was non-signifi-
cant (P>0.095). Subsequent interval mapping for a two-
QTL model on LG 9 reduced the F value only slightly,
from 10.23 to 3.02, and was not significant (P=0.059).
Although marker regression analysis identifies a large
proportion of unexplained variation with the single-
QTL model and strongly indicates the presence of a
second QTL on LG 9, it is not possible to conclude with
any confidence that there are two QTLs present because
the estimated positions of the QTLs differ too greatly
between the analyses (Table 5). Therefore, the results
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Fig. 1 a Frequency histogram showing mean scores of adventitious
root production in the absence of Agrobacterium rhizogenes from
seedling explants of the NG DH mapping population. Explants
were scored 35 days after inoculation. The mean adventitious root
production in the presence of A. rhizogenes was 10.69 for Nedcha.
Insufficient data were obtained for Gower due to germination and
contamination problems. b Frequency histogram showing the mean
scores of adventitious root production in the presence of
A. rhizogenes from seedling explants of the NG DH mapping
population. Explants were scored 35 days after inoculation. The
mean adventitious root production in the presence of A. rhizogenes
was 10.38 and 3.07 for Nedcha and Gower, respectively
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indicate that there is a single QTL for adventitious root
production in the absence of Agrobacterium on LGs 1
and 8 but that there is insufficient evidence to distinguish
between the one-QTL and two-QTL models with respect
to LG 9.

Adventitious root production in the presence
of A. rhizogenes

Marker means analysis of adventitious root production
in the presence of A. rhizogenes identified one region on
each of LGs 1 and 8 and two regions, one at either end,
of LG 9. No other linkage group showed evidence for
the presence of QTL (Table 3). Additive regression
scores from interval mapping were highly significant for
this trait on both LG 1 and LG 8 (Table 4). With a
single-QTL model, LG 9 was highly significant, but
when investigated with a two-QTL model it was not

significant at the 5% level. Marker regression analysis
showed that the additive regression score for LG 1
closely approached significance (P=0.02) and was
highly significant for LG 8, both with non-significant
residual scores. For the LG 9 single-QTL model, mar-
ker regression analysis did not identify a significant
additive regression score, but the residual variation was
highly significant, suggesting that not all the variation
has been explained. The additive regression for a two-
QTL model was highly significant, with a non-significant
for the residual.

These data and estimated positions (Table 5) suggest
that there are single QTLs present on LGs 1 and 8 at
roughly 34 cM and 8 cM, respectively. The data for LG
9 are more difficult to interpret; all three analyses iden-
tified similar estimated positions of the two QTL (Ta-
bles 3, 5), although the two-QTL model was not
significant with interval mapping analysis (Table 4). The
low significance of a two-QTL model with interval
mapping may be due to the limited population size.

Transgenic root production

For the production of GFP-fluorescent, transgenic
roots, marker means analysis identified significant re-
gions on LGs 1, 8 and 9 (Table 3). Further analysis by
interval mapping for a single-QTL model confirmed the
regions on LGs 1 and 8 to be highly significant although
the region on LG 9 was not significant (Table 4).
Marker regression analysis of the data was consistent
with this. Additive regression was significant for QTLs
on LG 1, close to significance on LG 8 and non-sig-
nificant on LG 9. The residual value was not significant
for LGs 1 or LG 8 but was significant for LG 9
(Table 4). The data were then reanalysed to determine
whether a two-QTL model for LG 9 would provide a
better fit. Interval mapping did not provide any evidence
for two QTLs. Marker regression found the additive
regression to be highly significant with non-significant
residual variation (Table 4). It was concluded that there
is a single QTL on each of LG 1 and LG 8 as all three

Table 1 Generation means of adventitious root production both in
the presence and absence of Agrobacterium rhizogenes and GFP-
fluorescent root production for the DH parental genotypes, Ned-

cha and Gower, and DH lines from the NG mapping population.
Explants were scored by illumination under a UV lamp, which
allowed the identification of transgenic, GFP-fluorescing roots

Genotype Additive modea Adventitious root
production in the absence
of A. rhizogenes

Adventitious root
production in the presence
of A. Rhizogenes

Transgenic root production

· Mean Estimate of a · Mean Estimate of a · Mean Estimate of a

Nedcha m+a 10.69 10.28 1.82
� 3.605 0.380

Gower m�a –b 3.07 2.58
NG mapping
population

M 9.00 8.84 2.46

aEstimates of additive genetic effects are derived from the generation means, where m is the mean and a is the estimate of additive genetic
effects
b�, Missing values
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Fig. 2 Frequency histogram showing mean scores of GFP root
production from seedling explants of the NG DH mapping
population. Explants were scored 35 days after inoculation. Arrows
indicate the group into which each parent belongs, with mean a
GFP root production of 1.82 and 2.58, for Nedcha and Gower,
respectively
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analyses support this and provide close estimates of the
positions (Table 5).

The regions on LG 9 were more difficult to interpret.
Interval mapping and marker means analyses suggest
the presence of a QTL around 104 cM (Tables 3, 5).
Marker regression analysis is highly significant for a
two-QTL model, with suggested locations of 4 cM and
58 cM. The first of these would overlap with the region
identified in a two-QTL model for adventitious root
production in the presence of Agrobacterium. For
transgenic root production with respect to LG 9, a
single-QTL model does not fully explain all the varia-

tion, but there is not enough evidence to confirm the
presence of two QTLs.

The locations and additive effects of each QTL
identified from the analyses are summarised in Table 5.
The predicted locations of the QTLs are consistent be-
tween the two methods of analysis (interval mapping
and marker regression), and any differences fall within
the confidence intervals. The contribution of alleles from
the parents in the NG population at each QTL can be
determined from the additive effect (Table 5). A positive
additive effect indicates that the Nedcha allele enhances
that trait, and a negative additive effect indicates that the

Table 2 Summary of the
correlation analysis between the
traits

*** P<0.001

Adventitious root production
in the presence of Agrobacterium

Adventitious root production
in the absence of Agrobacterium

Transgenic root production r=0.491*** r=0.537***
Adventitious root production
in presence of Agrobacterium

r=0.658***

Table 3 Marker means analysis
scores for each trait (square
root transformed) on linkage
groups displaying regions of
significance

Linkage group QTL region Marker means QTL position
(cM)

F P

Adventitious root production in the absence of A. rhizogenes
1 1 6.63 0.014 38
8 1 18.01 <0.001 11.2
9 1 9.58 0.004 91.2
Adventitious root production in the presence of A. rhizogenes
1 1 10.21 0.003 38
8 1 24.58 <0.001 11.2
9 1 5.54 0.024 4.8

2 5.78 0.021 91.2
Transgenic root production
1 1 11.35 0.002 38
8 1 16.09 <0.001 11.2
9 1 4.93 0.032 104

Table 4 Marker regression and interval mapping ANOVA statistics
for significant linkage groups of the NG mapping population
screened for the identification of QTLs for adventitious root pro-

duction in the presence and absence of A. rhizogenes and for
transgenic (GFP-fluorescent) root production (software QTL CAFÉ

(http://web.bham.ac.uk/g.g.seaton/)

Linkage group QTL model Marker regression Interval mapping

Additive regression Residual

F P F P F P

Adventitious root production in the absence of A. rhizogenes
1 1 53.16 0.01 0.41 0.47 6.89 0.012
8 1 53.77 0.01 2.13 0.11 18.11 <0.001
9 1 188.97 0.01 15.19 0.03 10.23 0.003

2 21.57 <0.001 1.88 0.10 3.02 0.059
Adventitious root production in the presence of A. rhizogenes
1 1 86.91 0.02 2.85 0.06 10.82 0.002
8 1 76.32 0.01 1.55 0.13 27.08 <0.001
9 1 26.77 0.13 4.53 0.03 5.85 <0.001

2 19.77 <0.001 0.53 0.82 2.88 0.067
Transgenic roots production
1 1 76.46 <0.001 0.80 0.27 12.61 <0.001
8 1 45.25 0.03 2.23 0.14 17.54 <0.001
9 1 55.00 0.07 5.34 0.04 3.44 0.07

2 23.03 <0.01 0.61 0.76 1.749 0.186
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Nedcha allele depresses the response. Adventitious root
production both in the presence and absence of A. rhiz-
ogenes and transgenic root production were favoured by
the presence of alleles from parent one, Nedcha. Gower
only had a contributing effect on LG 9 (Table 5) where
there is a suggestion of QTLs for adventitious root
production in both the presence and absence of A. rhiz-

ogenes. Both the estimate of the additive genetic effect at
each QTL (VA) compared to the total genetic effect
observed in the population and the broad-sense herita-
bility are shown in Table 5. As there was not sufficient
evidence to confirm the presence of QTLs on LG 9 for
any of the traits, the ‘‘total’’ calculated only takes ac-
count of the % VA from LGs 1 and 8.

Table 5 Summary of the QTL positions and effects on adventitious root production—in both the presence and absence of A. rhizoge-
nes—transgenic root production and the proportion of transgenic roots produced, from the NG DH mapping population

Linkage group Position in centiMorgansa +/�b Additive effecta +/� % VA
c h2 bd

Marker regression
Adventitious root production in the absence of A. Rhizogenes
1 38 15.998 0.241 0.110 24.54 0.025
8 2 14.615 0.366 0.125 56.57 0.059
Total 81.11
9 1 QTL 100 28.154 �0.298 0.157 37.50 0.038
9 2 QTL 0 0.176
9 2 QTL 88 �0.361
Adventitious root production in the presence of A. Rhizogenes
1 34 16.744 0.153 0.07 21.11 0.021
8 8 10.802 0.254 0.07 40.15 0.039
Total 61.26
9 1 QTL 104 35.148 �0.129 0.093 15.17 0.015
9 2 QTL 0 0.163
9 2 QTL 86 �0.200
Transgenic root production
1 38 14.003 0.1647 0.075 24.46 0.019
8 4 10.558 0.211 0.071 40.16 0.032
Total 64.62
9 1 QTL 64 28.39 �0.135 0.076 16.44 0.013
9 2 QTL 4 0.181
9L 2 QTL 58 �0.249

Linkage group Position in centiMorgans Effect % VA h2 b

Interval mapping
Adventitious root production in the absence of Agrobacterium
1 40 0.2607 28.67 0.032
8 12 0.3659 56.57 0.062
Total 85.24
9 1 QTL 87 �0.3176 42.59 0.050
9 2 QTL 2 0.5401
9 2 QTL 21 �0.5716
Adventitious root production in the presence of A. Rhizogenes
1 37 0.1914 33.02 0.033
8 3 0.2694 65.50 0.062
Total 98.52
9 1 QTL 5 0.143 18.04 0.018
9 2 QTL 5 0.1359
9 2 QTL 91 �0.1335
Transgenic root production
1 36 0.2159 42.06 0.033
8 8 0.2385 51.35 0.041
Total 93.41
9 1 QTL 104 �0.117 3.86 0.002
9 2 QTL 4 0.2101
9 2 QTL 24 �0.2248

aThe analyses were performed using QTL CAFÉ, with confidence
intervals calculated by marker regression for the position (centi-
Morgan) intervals and additive effects using 1,000 simulations.
Data for both the one- and two-QTL models for LG 9 are shown,
but these have not been included under ‘‘Totals’’; neither have

calculations of VA or h2 b been included, since these QTLs have not
been confirmed
b+/�, Confidence intervals; +, Nedcha (P1); �, Gower (P2)
cVA, Additive variance
dh2 b, Broad-sense heritability
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Discussion

The analysis of the B. oleracea NG mapping popula-
tion has revealed significant relationships (P<0.001)
between the performances of individual lines for three
classes of root production by hypocotyls stumps in
culture. These classes are adventitious (non-transgenic)
root production in the absence of A. rhizogenes,
adventitious root production in the presence of
A. rhizogenes and transgenic (GFP-fluorescent) root
production in the presence of A. rhizogenes. The ge-
netic basis for the association between different specific
root production traits has been investigated using QTL
analysis, and the data have been analysed using marker
means, marker regression and interval analysis. The
results of all three analytical methods are consistent
with the occurrence of a single QTL on LG 1, with a
most probable position of 34–38 cM, that is responsi-
ble for a proportion of the difference in performance
for all three classes of root production between the two
parents. Hence, the same QTL (in so far as the reso-
lution of such experimentation allows) has been shown
to play a role in controlling both adventitious and
transgenic root production. Similarly, the results of all
three analysis methods are consistent with the occur-
rence of a single QTL on LG 8, with a most probable
position of 2–8 cM, that is again responsible for a
proportion of the difference in performance for all
three classes of root production between the two par-
ents. The only other indication of a QTL is for LG 9,
and here the results of the analyses are more complex.
Taken overall, it appears that there is/are a locus/loci
controlling all three classes of root production on LG
9 and that the same loci control all three root pro-
duction traits. However, it is not clear whether there is
one locus or two loci. These are the only (putative)
QTLs where the additive effect is from parent 2
(Gower). Gower is the responsible parent on the one-
QTL model. With the two-QTL model, the P2 effect is
always on the second QTL although estimates of the
position vary. This is probably because the population
size used was not large enough to allow resolution of
the QTLs implicated on LG 9.

Previous studies on the production of adventitious
and transgenic roots in B. oleracea have been carried out
using the AGmapping population (Cogan et al. 2002). In
this population, QTLs on LGs 3 and 7 were shown to
influence both adventitious and transgenic root produc-
tion. A QTL influencing adventitious root production
alone was detected on LG 7, and another influencing
transgenic root production alone was detected on LG 1;
however, this latter QTL mapped at around 100–105 cM
rather than at the 34–38 cM position of the QTL iden-
tified in the current study. The current results are an
independent confirmation that individual QTLs can
control the production of both adventitious and trans-
genic roots, but it is not surprising that different QTLs

have been detected in the B. oleracea AG and NG
mapping populations. Only loci that happen to bear
differing alleles in the two parents can be detected in such
mapping populations, and one would not expect the two
sets of parents to differ at the same loci.

Our studies show that genotypes that are predis-
posed to high performance for adventitious root pro-
duction tend also to perform well in experiments
designed to produce transgenic roots induced by
A. rhizogenes. Work on other plant species has sug-
gested that treatment with A. rhizogenes can induce
the production of adventitious roots as well as lead to
the production of transgenic roots. For example, Van
Wordragen et al. (1992) reported adventitious root
production by chrysanthemum explants and suggested
that transient expression of T-DNA may be sufficient
to induce the proliferation of roots, the cells of which
do not contain integrated copies of T-DNA. Transient
expression of TR-DNA genes would include those
encoding enzymes involved in indoleacetic acid syn-
thesis, and it has been proposed that a short-lived
increase in the level of this hormone could lead to
increased adventitious rooting. However, the role of
plant growth regulators in the Agrobacterium-plant
interaction is complex; it has also been shown that the
competence of explants for transformation can be in-
creased by a phytohormone pretreatment (e.g. Cha-
teau et al. 2000). As well as auxin, the concentration
of cytokinins may be influenced by the presence of
Agrobacterium. While transient expression of the T-
DNA-borne cytokinin-related genes (Costacurta and
Vanderleyden 1995) may change the local concentra-
tion of this class of regulators, the latter may also be
affected by the chromosomal miaA locus that encodes
a DMAPP:tRNA transferase (Morris et al. 1993).
However, in the present study, B. oleracea hypocotyls
were incubated in the presence and absence of
A. rhizogenes, and the results show that the presence
of the bacterium had no significant effect on adventi-
tious root production. Consequently, there is no evi-
dence that transient expression of T-DNA genes
influences root production in B. oleracea. It has been
possible to identify superior lines—ones with perfor-
mances higher than that of either parent—from the
NG population. Hence, with respect to future work on
other B. oleracea germplasm, our results suggest that
screening genotypes for adventitious root production
in the absence of A. rhizogenes would be a useful
method for selecting lines that will undergo higher
rates of transgenic root production in the presence of
the bacterium. However, it must be borne in mind
that A. rhizogenes-based transformation protocols also
involve the regeneration of shoots from transgenic
roots; it would also be beneficial to assess performance
for this independent trait in order to identify geno-
types exhibiting superior characteristics for the whole
transformation process.

486



References

Ballas N, Citovsky V (1997) Nuclear localization signal binding
protein from Arabidopsis mediates nuclear import of Agro-
bacterium VirD2 protein. Proc Natl Acad Sci USA 94:10723–
10728

Barg R, Pilowsky M, Shabtai S, Carmi N, Szechtman AD, Dedi-
cova B, Salts Y (1997) The TYLCV-tolerant tomato line MP-1
is characterized by superior transformation competence. J Exp
Bot 48:1919–1923

Chateau S, Sangwan RS, Sangwan-Norreel BS (2000) Competence
of Arabidopsis thaliana genotypes and mutants for Agrobacte-
rium tumefaciens-mediated gene transfer: role of phytohor-
mones. J Exp Bot 51:1961–1968

Cogan N, Harvey E, Robinson H, Lynn J, Pink D, Newbury HJ,
Puddephat I (2001) The effects of anther culture and plant ge-
netic background on Agrobacterium rhizogenes-mediated
transformation of commercial cultivars and derived doubled
haploid Brassica oleracea. Plant Cell Rep 20:755–762

Cogan NOI, Lynn JR, King GJ, Kearsey MJ, Newbury HJ, Pud-
dephat IJ (2002) Identification of genetic factors controlling the
efficiency of Agrobacterium rhizogenes-mediated transformation
of Brassica oleracea by QTL analysis. Theor Appl Genet
105:568–576

Cogan NOI, Newbury HJ, Oldacres AM, Lynn JR, King GJ,
Kearsey MJ, Puddephat IJ (2004) Identification and charac-
terisation of QTL controlling Agrobacterium-mediated transient
and stable transformation of Brassica oleracea. Plant Biotech-
nol 2:59–69

Costacurta A, Vanderleyden J (1995) Synthesis of phytohormones
by plant-associated bacteria. Crit Rev Microbiol 21:1–18

Deng W, Chen LS, Wood DW, Metcalfe T, Liang XY, Gordon
MP, Comai L, Nester EW (1998) Agrobacterium VirD2 protein
interacts with plant host cyclophilins. Proc Natl Acad Sci USA
95:7040–7045

Falasca G, Reverberi M, Lauri P, Caboni E, De Stradis A, Al-
tamura NM (2000) How Agrobacterium rhizogenes triggers de
novo root formation in a recalcitrant woody plant: an inte-
grated histological, ultrastructural and molecular analysis. New
Phytol 145:77–93

Gelvin SB (2000) Agrobacterium and plant genes involved in T-
DNA transfer and integration. Annu Rev Plant Physiol Plant
Mol Biol 51:223–256

Gelvin SB (2003) Improving plant genetic engineering by manip-
ulating the host. Trends Biotechnol 21:95–98

Gelvin SB, Liu CN (1994) Genetic manipulation of Agrobacte-
rium tumefaciens strains to improve transformation of re-
calcitrant plant species. In: Gelvin SB, Schilperoort RA (eds)
Plant molecular biology manual. Kluwer, Dordrecht, B4, p
1013

Guerche P, Jouanin L, Tepfer D, Pelletier G (1987) Genetic trans-
formation of oilseed rape (Brassica napus) by the Ri T-DNA of
Agrobacterium rhizogenes and analysis of the inheritance of the
transformed phenotype. Mol Gen Genet 206:382–386

Haley CS, Knott SA (1992) A simple regression method for map-
ping quantitative trait loci in line crosses using flanking mark-
ers. Heredity 69:315–324

Haseloff J, Siemering KR, Prasher DC, Hodge S (1997) Removal of
a cryptic intron and subcellular localization of green fluorescent
protein are required to mark transgenic Arabidopsis plants
brightly. Proc Natl Acad Sci USA 94:2122–2127

Jansen RC, Stam P (1994) High resolution of quantitative traits
into multiple loci via interval mapping. Genetics 136:1447–
1455

Kearsey MJ, Hyne V (1994) QTL analysis—a simple marker
regression approach. Theor Appl Genet 89:698–702

Kearsey MJ, Pooni HS (1998) The genetic analysis of quantitative
traits. Chapman and Hall, London

Lander ES, Botstein D (1989) Mapping Mendelian factors under-
lying quantitative traits using RFLP linkage maps. Genetics
121:185–199

McCullaugh P, Nelder JA (1987) Generalized linear models.
Chapman and Hall, London

Morris RO, Blevins DG, Dietrich JT, Durley RC, Gelvin SB, Gray
J, Hommes NG, Kaminek M, Mathews LJ, Meilan R, Reinbott
TM, Sayavedrasoto L (1993) Cytokinins in plant pathogenic
bacteria and developing cereal grains. Aust J Plant Physiol
20:621–637

Murashige T, Skoog FS (1962) A revised method for rapid growth
and bioassays and tobacco tissue culture. Physiol Plant 15:437–
497

Mysore KS, Nam J, Gelvin SB (2000) An Arabidopsis histone H2A
mutant is deficient in Agrobacterium T-DNA integration. Proc
Natl Acad Sci USA 97:948–953

Nam J, Mattysse AG, Gelvin SB (1997) Differences in suscep-
tibility of Arabidopsis ecotypes to crown gall disease may
result from a deficiency in T-DNA integration. Plant Cell
9:317–333

Nam J, Mysore KS, Zheng C, Knue MK, Mattysse AG, Gelvin SB
(1999) Identification of T-DNA tagged Arabidopsis mutants
that are resistant to transformation by Agrobacterium. Mol Gen
Genet 261:429–438

Poulsen GB (1996) Genetic transformation of Brassica. Plant Breed
115:209–225

Puddephat IJ (2003) Plant genetic engineering. In: Newbury HJ
(ed) Plant molecular breeding. Blackwell, Oxford, pp 82–133

Puddephat IJ, Riggs TJ, Fenning TM (1996) Transformation of
Brassica oleracea L: a critical review. Mol Breed 2:185–210

Puddephat IJ, Robinson HT, Fenning TM, Barbara DJ, Morton
A, Pink DAC (2001) Recovery of phenotypically normal
transgenic plants of Brassica oleracea upon Agrobacterium
rhizogenes-mediated co-transformation and selection of
transformed hairy roots by GUS assay. Mol Breed 7:229–242

Rae A, Howell E, Kearsey MJ (1999) More QTL for flowering time
revealed by substitution lines in Brassica oleracea. Heredity
83:586–596

Ramsey LD, Jennings DE, Bohoun EJR, Arthur AE, Lydiate DJ,
Kearsey MJ, Marshall DF (1996) The construction of a sub-
stitution library of recombinant backcross lines in Brassica ol-
eracea for the precise mapping of quantitative trait loci.
Genome 39:558–567

Sangwan RSY, Bourgeois Y, Sangwannorreel BS (1991) Genetic
transformation of Arabidopsis thaliana zygotic embryos and
identification of critical parameters influencing transformation
efficiency. Mol Gen Genet 230:475–485

Sebastian RL, Howell EC, King GJ, Marshall DF, Kearsey MJ
(2000) An integrated AFLP and RFLP Brassica oleracea link-
age map from two morphologically distinct doubled-haploid
mapping populations. Theor Appl Genet 100:75–81

Spano L, Pomponi M, Constantino P, van Slogteren GMS, Tempe
J (1982) Identification of T-DNA in the root-inducing plasmid
of the agropine type Agrobacterium rhizogenes 1855. Plant Mol
Biol 1:291–300

Sparrow PAC, Townsend TM, Arthur AE, Dale PJ, Irwin JA
(2004a) Genetic analysis of Agrobacterium tumefaciens suscep-
tibility in Brassica oleracea. Theor Appl Genet 108:644–650

Sparrow PAC, Townsend TM, Morgan CL, Dale PJ, Arthur AE,
Irwin JA (2004b) Genetic analysis of in vitro shoot regeneration
from cotyledonary petioles of Brassica oleracea. Theor Appl
Genet 108:1249–1255

Sparrow PAC, Dale PJ, Irwin JA (2004c) The use of phenotypic
markers to identify Brassica oleracea genotypes for routine
high-throughput Agrobacterium-mediated transformation.
Plant Cell Rep 23:64–70

Swart S, Lugtenberg BJJ, Smit G, Kijne JW (1994) Purification and
partial characterisation of a glycoprotein from pea (Pisum
sativum) with receptor activity for rhicadhesin, an attachment
protein of the Rhizobiaceae. Plant Mol Biol 24:171–183

Tepfer D (1990) Genetic transformation using Agrobacterium
rhizogenes. Physiol Plant 79:140–146

Tzfira T, Citovsky V (2000) From host recognition to T-DNA inte-
gration: the function of bacterial and plant genes in the Agro-
bacterium-plant cell interaction. Mol Plant Pathol 1:201–212

487



Tzfira T, Citovsky V (2002) Partners-in-infection: host proteins
involved in the transformation of plant cells by Agrobacterium.
Trends Cell Biol 12:121–129

Tzfira T, Vaidya M, Citovsky V (2001) VIP1, an Arabidopsis pro-
tein that interacts with Agrobacterium VirE2, is involved in
VirE2 nuclear import and Agrobacterium infectivity. EMBO J
20:3596–3607

Wagner VT, Mattysse AG (1992) Involvement of vitronectin-like
protein in attachment of Agrobacterium tumefaciens to carrot
suspension cells. J Bacteriol 174:5999–6003

Walkerpeach CR, Velten J (1994) Agrobacterium-mediated gene
transfer to plant cells; cointegrate and binary vector systems. In:
Gelvin SB, Schilperoort RA (eds) Plant molecular biology
manual. Kluwer, Dordrecht, B4, pp 1–9

Wordragen MF van, Ouwerkerk PBF, Dons HJM (1992)
Agrobacterium rhizogenes-mediated induction of apparently

untransformed roots and callus in chrysanthemum. Plant Cell
Tissue Organ Cult 30:149–157

Yibrah HS, Gronroos R, Lindroth A, Franzen H, Clapham D, von
Arnold S (1996) Agrobacterium rhizogenes mediated induction
of adventitious rooting from Pinus contorta hypocotyls and the
effect of 5-azacytidine on transgene activity. Transgenic Res
5:75–85

Zhang J, Boone L, Kocz R, Zhang C, Binns A, Lynn DG (2000) At
the maize/Agrobacterium interface: natural factors limiting host
transformation. Chem Biol 7:611–621

Ziemienowicz A, Tinland B, Bryant J, Gloeckler V, Hohn B (2000)
Plant enzymes but not Agrobacterium VirD2 mediate T-DNA
ligation in vitro. Mol Cell Biol 20:6317–6322

488


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Fig1
	Sec9
	Sec10
	Tab1
	Fig2
	Tab2
	Tab3
	Tab4
	Tab5
	Sec11
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR44
	CR45
	CR43
	CR46
	CR47
	CR48

