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e Background and Aims The aims of this study were to set up proliferation conditions for hairy roots of Coffea
arabica regenerated after transformation by Agrobacterium rhizogenes strain A4-RS, and to carry out the morpho-
logical and molecular characterization of hairy root clones maintained over the long term.

e Methods Auxin supply, light conditions and sucrose concentration were modified with the aim of establishing effi-
cient root proliferation conditions. The morphological variability among 62 established hairy root clones was phe-
notyped by scanning the roots and analysing the images using ‘whinRHIZO’ software procedures. PCR analysis of
integration in transformed root cells of rol and aux oncogenes from the T-DNA of the Ri plasmid was used to study
the molecular variability among clones.

e Key Results Auxin supply was necessary to obtain and stimulate growth and branching, and IBA applied at 0-5 pm
was the most efficient auxin. Significant differences were shown among the 62 clones for total root length and for the
percentage of fine roots. These variables were stable across subcultures and could hence be used for efficient charac-
terization of hairy root clones. The majority of hairy root clones (86 %) exhibited non-significant phenotype differ-
ences with non-transformed roots. Eight clones were significantly different from the non-transformed controls in that
they possessed a low proportion of fine roots. Two other hairy root clones grew significantly faster than the other
clones. The PCR analysis revealed a low variability in the integration of rol and aux oncogenes in transformed
root cells. The Tr-DNA was never integrated as aux/ and aux2 genes were not found, although rolB and rolC
genes from the T} -DNA were always present.

e Conclusions The discovery of low morphological variability among coffee hairy roots together with the identifi-
cation of morphological variables allowing easy identification of phenotypically altered clones represent two import-
ant results. They make hairy roots a possible, and efficient, tool for functional-genomic studies of coffee root genes.
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morphology.

INTRODUCTION

Axenic cultures of transformed roots regenerated after
Agrobacterium rhizogenes-mediated genetic transformation
have been widely developed for various horticultural crops
(Mugnier, 1987; Tepfer, 1990). Agrobacterium rhizogenes
is a pathogenic soil bacterium that induces ‘hairy root’
disease on dicotyledonous plants, characterized by root pro-
liferation at the infection site (Gaudin et al., 1994; Meyer
et al., 2000). The term ‘hairy root’ is commonly used for
A. rhizogenes-transformed roots and refers to the particular
phenotype of those roots, often characterized by a highly
branching root pattern and plagiotropic development attrib-
uted to increased endogenous auxin content (Nilsson and
Olsson, 1997). Hairy roots have the capacity to grow even
when removed from the plant and offer the interesting
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property of the easy regeneration of whole plants, avoiding
callus formation and thus circumventing problems of soma-
clonal variation in a range of plant species (Tepfer, 1990).
The Agrobacterium genes involved in rhizogenesis through
the modification of plant cell growth and developmental
regulation are commonly called rol and aux genes. These
genes are located in the Tr-DNA and T;-DNA regions,
respectively, of the Ri (root-inducing) plasmid of
A. rhizogenes agropine strains. Some of the genes are
involved in auxin biosynthesis and/or auxin sensitivity,
which cause differences in hairy root growth and mor-
phology when compared to non-transformed roots (Meyer
et al., 2000; Christey, 2001).

Noteworthy phenotype and growth variations have often
been observed among hairy root clones derived from inde-
pendent transformation events. In most cases, the variability
that generally affects branching intensity, root diameter and
growth rate has been described visually. Phenotype
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variations have been attributed to differences in the inte-
gration of genes from the T;-DNA and Tr-DNA regions
of A. rhizogenes in the host genome (Ambros et al.,
1986; Mano et al., 1986, 1989; Jouanin et al., 1987). In
Catharanthus, for example, Batra et al. (2004) demon-
strated that an absence of aux genes did not affect either
hairy root morphology or growth, whereas an absence of
rolA&B genes induced callusing and slow-growing mor-
phology. Since each hairy root is a cellular clone resulting
from a single transformation event (Constantino et al.,
1984), hairy root clone cultures and individuals regenerated
from such roots retain the phenotype properties conferred
by the specific T-DNA transferred to the plant cell (Mano
et al., 1986, 1989; Jouanin et al., 1987; Meyer et al.,
2000). The synergistic activity when all rol-gene products
are simultaneously expressed is important in the induction
of hairy roots and enhances development of the root rol-
phenotype (Spena et al., 1987; Schmulling et al., 1988;
Spano et al., 1988). Phenotypic alterations such as short
internodes, brittle and wrinkled leaves and stunted growth
have been reported in A. rhizogenes-transformed coffee
plantlets regenerated from somatic embryos of
C. canephora (Spiral et al., 1993; Kumar er al., 20006),
and from transformed roots of C. arabica (Sugiyama
et al., 1995). However, no information has been provided
about the phenotype of transformed roots. In other plant
species, such morphological alterations have been reported
for the root system and have been commonly described in
terms of root thickness, excessive branching and amount
of biomass production (Handa, 1991; Nguyen et al.,
1997; Nin et al., 1997; Chaudhuri et al., 2005). This
intra- or inter-clone variability among hairy root clones or
the degree of phenotype alteration when compared to non-
transformed roots could be major constraints for the utiliz-
ation of hairy roots in functional-analysis studies. The high
morphological variability results in a decrease in the accu-
racy of bio-assays and related analysis, and consequently
requires the need to work with many lines and replicates
that must be transferred regularly to fresh medium plates
(Plovie et al., 2003).

Hairy roots have been used extensively to produce sec-
ondary metabolites for commercial use (see review by
Hamill and Lidgett, 1997), in root nodule research (Diouf
et al., 1995; Akasaka er al., 1998; Boisson-Dernier et al.,
2001), to study genes specifically involved in plant mor-
phology and development (Mikami et al., 1999) and as a
system to validate and study genes of resistance to root-
specific pathogens, such as nematodes. For example, hairy
roots have been used successfully to study Mi, Hsl”°~'
and Gpa2 gene function in tomato, sugar beet and potato,
respectively (Kifle er al., 1999; Hwang et al., 2000; van
der Vossen et al., 2000). One of the main constraints with
hairy roots for functional-analysis studies is their frequent
morphological variability. For example, this was shown to
be responsible for large variations in nematode multipli-
cation rates and hence complicated the interpretation of
results, thus making it necessary subsequently to work
with many clones (Plovie et al., 2003).

In coffee, protocols for A. rhizogenes-mediated trans-
formation and plant regeneration were first described by
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Spiral et al. (1993), then by Alpizar et al. (2006) and
Kumar et al. (2006). Although an efficient protocol for
routine regeneration of hairy roots has been recently estab-
lished for coffee (Alpizar et al, 20006), the transformed
roots were unable to proliferate on semi-solid medium
and died after two or three subcultures. Similar observations
were made by Kumar et al. (2006). To our knowledge, suit-
able conditions for the effective maintenance of hairy root
axenic cultures of coffee have yet to be described. The
availability of long-term hairy root cultures in coffee
would be very useful to study the root gene function
through functional genomics. The purpose of this study
therefore was: (1) to establish the culture conditions for effi-
cient proliferation of hairy roots; (2) to phenotype numer-
ous clones and determine if morphological variability
observed was stable over time; and (3) to assess the links
between the morphological variability and the integration
pattern of rol and aux genes in transformed roots.

MATERIALS AND METHODS
Regeneration of hairy roots

Hairy roots of Coffea arabica L. ‘Caturra’ were regenerated
by inoculating germinated zygotic embryos with the
Agrobacterium rhizogenes A4RS strain according to pro-
cedures previously described by Alpizar et al. (2006).
The A4RS strain, an agropine mannopine-type strain
(Jouanin et al., 1986), was derived from the wild strain
A4 modified for resistance to rifampycin and spectinomy-
cin antibiotics. Briefly, zygotic embryos were infected by
wounding the hypocotyl with a contaminated scalpel pre-
viously soaked in an Agrobacterium culture for 48 h.
Co-cultivation with Agrobacterium was carried out by
placing the inoculated embryos on a MS medium
(Murashige and Skoog, 1962) supplemented with sucrose
(30 g L") and solidified by adding 2-8 g L™" of phytagel.
Cultures were placed in 50-mm diameter Petri dishes in
the dark for 12 d at 20 °C. Co-cultivated embryos were
decontaminated by immersion in MS liquid medium with
cefotaxime (500 g mL™!) for 2h and washed twice.
They were then subcultured every 4 weeks onto MS germi-
nation medium containing decreasing cefotaxime concen-
trations (500, 200, 100 wg mL~"). Hairy roots appeared at
the wound site after 8—10 weeks.

Development of culture conditions for hairy root maintenance

Root fragments of approx. 40 mm in length were excised
from hairy roots derived from independent transformation
events and were cultured on a medium containing full-
strength MS salts and the following vitamins: 10 mg L™
L-cystein, 10mg L~' thiamine-HCl, 1mg L~
pyridoxine-HCl, 2mg L~' glycin, 1 mg L~' nicotinic
acid. The medium was supplemented with 30g L~
sucrose and solidified by 2-8 g L' of phytagel. Hairy
root clones were established by transferring 40-mm root
tips every 4 weeks onto fresh medium in 9-cm diameter
Petri dishes. Cultures were kept at 26 °C in the dark and
at 55-60 % relative humidity.
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These culture conditions were modified with the aim of
establishing efficient conditions for hairy root proliferation,
as follows

(1) Auxin addition. Different auxins and concentrations
were tested: IBA (indole 3-butyric acid) and NAA
(napthelene acetic acid) were added to the proliferation
medium prior to autoclaving, whereas IAA (indole
3-acetic acid) was filter-sterilized. Auxins were added
to the medium at concentrations of 0, 0-125, 0-25, 0-5
and 5 pMm.

(2) Light conditions. Three different light conditions were
compared: darkness, 20 wmol m~* s~ (intermediate
light) and 50 wmol m~2 s~' (full light) with a 16-h
photoperiod.

(3) Sucrose concentration. The proliferation medium
including 0-25 pMm IBA was supplemented with 0-5, 1,
2,3,4,6 and 8 % (w/v) sucrose.

For all experiments, the same five root clones (X1, X6,
X23, X25, X34) were used for each culture condition and
were cultured in separate Petri dishes, used as replicates.
Each hairy root clone was maintained for two subcultures
in the tested culture conditions before assessment of
growth parameters. The growth parameters determined
were root branching, defined as the number of lateral
roots per cm of initial mother root (number of lateral
roots cm~') and growth rate, defined as the average
growth of lateral roots over 4 weeks of culture (mm d™ ).
The growth rate and branching were measured at the end
of the second subculture. Ten randomly chosen root
branches from five different Petri dishes (replicates) were
evaluated for each culture condition. Vitrification was also
evaluated in two experiments using a scale of 0 to 5,
where zero corresponded to non-vitrified roots and 5 to
totally vitrified roots. Vitrification was characterized by
translucent, thick roots with frequent callusing.

Analysis of hairy root morphological variability

Morphological variability was analysed using 62 hairy
root clones established for 6 months under the optimum
culture conditions described in this work (see Results).
Surprisingly, the optimized conditions enabled the prolifer-
ation of non-transformed roots for the first time. Three non-
transformed root clones were therefore established from
independent plants and used as non-transgenic controls.

For the assessment of root morphological characteristics,
root images of 40-mm long branched root fragments from
both hairy root clones and non-transformed root clones
(controls) were acquired during two 3-week subcultures.
The roots from three different Petri dishes, corresponding
to three replicates, were evaluated for each root clone.
The images were acquired using a scanner (HP Scanlet,
6000C/T) and were analysed using the software procedures
of WhinRHIZO V5.0 (Instrument Regent Inc., Quebec,
Canada). For each root clone, the variables measured
were: number of lateral roots per cm of mother root (to
evaluate root branching), the total root length (cm) at the
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end of each 3-week subculture, and the percentage of fine
roots with a diameter less than 0-5 mm.

Statistical analysis

Data from the evaluation of culture-condition assays were
analysed by an ANOVA and mean values were compared
using Duncan’s test at P = 0-001 for the light, auxin and
sucrose concentration experiments. Data from the analysis
of morphological variability between axenic root clones
showed a normal distribution, with the exception of
growth rate for which values were log(x + 1)-transformed
to standardize variances prior to analysis. Data collected
from the second subculture were analysed by an ANOVA,
with the clone factor considered as a classification criterion,
followed by a Duncan multiple-comparison at P < 0-05. All
of the measurements taken after the second subculture were
then compared with the corresponding measurements from
the first subculture. The comparisons were performed by
correlations, and by a discriminant canonical analysis in
order to determine whether distribution and correlations
between the variables observed would be affected by sub-
cultures. The redundancy between the two sets of measure-
ments enabled an evaluation of phenotype stability over
time. All the statistical analyses were performed using
Statistica software (2004, Statsoft, France).

Histology

Five representative root samples (cut at 3 cm from the
root tip) were selected on different clones from each of
the following root phenotypes: non-transformed roots,
transformed roots with a non-altered phenotype, trans-
formed roots exhibiting the two altered phenotypes,
namely fast-growing and slow-growing with low percentage
of branched fine roots. The samples were fixed for 24 h in a
solution containing 1 % glutaraldehyde, 2 % paraformalde-
hyde and 1 % caffeine in a 0-2 mm phosphate buffer at pH
7-2. For histological studies, the samples were dehydrated in
a graded series of ethanol, embedded in a 7100 resin (LKB)
and cut into 3-mm longitudinal sections. The sections were
double-stained with PAS (periodic acid—Schiff)-NBB
(naphthol blue black). PAS specifically stains polysacchar-
ides red (walls and starch) and NBB stains soluble and inso-
luble proteins blue (Fischer, 1968).

Staining with IV Sudan (Jensen, 1962) was carried out as
follows: sections were immersed for 15 min in IV Sudan,
saturated in 70 % methanol, then quickly washed three
times with 50 % ethanol for observation. This reagent
reveals suberin, which appears as orange/brown in colour.
Sections of fresh roots were examined for their natural flu-
orescence under UV conditions (excitation filter: WL 270—
380 nm; stop filter: WL 410-580). Blue auto-fluorescence
indicated the presence of phenol compounds, including
lignin.

Polymerase chain reaction (PCR)

DNA from transformed roots was extracted using the
Dneasy® Plant Mini Kit No. 69104 (Qiagen®). To verify
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TaBLE 1. Primers used for PCR analysis of rol and aux genes (Ri plasmid) in 55 Coffea arabica hairy root clones established
after A. rhizogenes-mediated transformation

Genes Primers PCR product size (bp) Reference

rolA 5'-ACGGTGAGTGTGGTTGTAGG-3' 403 Slightom et al. (1986)
5'-GCCACGTGCGTATTAATCCC-3'

rolB 5'-GCTCTTGCAGTGCTAGATTT-3' 383 Furner et al. (1986)
5-GAAGGTGCAAGCTACCTCTC-3'

rolC 5'-CTCCTGACATCAAACTCGTC-3' 586 Furner et al. (1986)
5'-TGCTTCGAGTTATGGGTACA-3’

rolD 5'-TGCCTTGAGGTCATTCATCAAGGCC-3’ 741 Slightom et al. (1986)
5'-ATGGACTGAAGGAGCACTCATTGGC-3'

auxl 5'-CTCCGATTCCTTTCCAACCG-3' 791 Camilleri and Jouanin (1991)
5'-CGCACGTTATCCTCATACCC-3'

aux2 5'-CTGTCAACGGAGGCTGTTGGG-3 722 Camilleri and Jouanin (1991)

5'-ACCCTAGTCTCATCCCAGGG-3

that the transformed root clones studied were not contami-
nated by the agrobacteria, PCR was carried out using
primers designed to amplify a fragment of the virDI
gene, which is located outside the T-DNA region of the
Ri plasmid. The primers 5-ATGTCGCAAGGACGTA
AGCCGA-3 and 5-GGAGTCTTTCAGCATGGAGCA
A-3" were used for amplification of a 450-bp sequence
from the virDI gene (Hamill er al., 1991). All the root
clones analysed for the presence of the rol and aux genes
were previously proved to be free of bacteria. The presence
of rolA, rolB, rolC, rolD, aux] and aux2 genes was deter-
mined by PCR analysis using the primers shown in
Table 1. The PCR mixture consisted of 5ng of plant
DNA, 2.5puL of 10X Taq buffer, 1-5pL of 25mm
MgCl,, 1.0 pL of Smm dNTP, 1.25 units of Tag DNA
polymerase and 1 pL from each 10 pmol primer, in a
final volume of 25 pL. Three independent PCR analyses
were performed for each hairy root clone with a
PTC-100TM thermocycler mJ Research Inc.,
San Francisco, CA, USA). For DNA amplification,
samples were heated to 94 °C for 5 min, followed by 29
cycles at 94 °C for 30 s, 56 °C for 30 s, 72 °C for 1 min
and then 56 °C for 10 min. The amplified products were

separated by electrophoresis on 1-5 % agarose gels stained
with 0-5mg L~' ethidium bromide in 0-5X TAE
(Tris-acetate/EDTA electrophoresis buffer) and visualized
by fluorescence under UV light.

RESULTS
Effect of auxin type and concentration

The effects on the growth of C. arabica hairy roots of
adding different auxins (IBA, TAA and NAA) to the
culture medium were compared (Table 2). Little or no
branching and growth were observed in the absence of
exogenous auxin; low concentrations of the three auxins
enabled hairy roots to branch and grow. With IBA and
NAA, the optimum concentrations were 0-50 um and
0-25 pM for branching and growth, respectively. The 5 pm
concentration inhibited branching and growth. In contrast,
with TAA the best branching pattern was obtained for
5 M, although the growth rate was very low at that concen-
tration. The incorporation of 0-5 wm IBA most efficiently
stimulated the growth rate and branching of coffee hairy
roots. Root vitrification was enhanced by NAA and [AA,

TaBLE 2. Effect of different exogenous auxins (IAA, IBA and NAA) on hairy roots of C. arabica. Each value represents the
average + s.e. of five replicates

Auxin type Concentration (M) Branching (number of lateral roots cm™h) Growth rate (mm d~!) Vitrification index (0-5)*

No auxin (control) 0 23+ 1.0° 0-05 + 0-06¢ 0-0°

IAA 0-125 8.8 + 4.2% 0-48 + 0-11° 3.0 + 0-5°
025 5.8 +2.0° 0-50 + 0-29°> 32+ 0-6°
05 9.2 4 3.8 021 + 0-11%¢ 3.6 + 0-8°°
5 14-8 + 2.1 0-14 + 0-07%¢ 4.2 +0-5°

IBA 0-125 5.0+ 1.8 0-44 + 0-15%4 02 + 03¢
025 11-3 4+ 3.1 0-60 + 0-1*° 12 + 06>
05 18:5 + 5.0 0-68 + 0-08* 32 4 0-6®
5 06 +0-1° 0-0¢ 5.0 + 0-0°

NAA 0-125 4.8 +12° 0-28 4 0-112°<4 2.4 + 0.9°%°
025 19:0 + 6:4% 0-55 + 0-19°° 4.0 + 0-4°
05 114 + 5.8 026 + 0-15%°°4 4.6 + 0-6°
5 0-0° 0-0¢ 5.0 + 0-0°

* Index using a scale where 0 = none, and 5 = totally vitrified.

Values with different letters are significantly different at P << 0-001 according to Duncan’s test.
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even at low concentrations (0-125 wwm), while with IBA sig-
nificant vitrification symptoms only occurred using higher
concentrations (0-5 and 5-0 wm). Using 0-25 pum IBA was
the best compromise between root growth and vitrification
status, as it led to high growth intensity and branching
rates along with the lowest vitrification rate. That auxin
treatment was adopted in all the following experiments.

Effect of light intensity

Light conditions had significant and marked effects on
the branching, growth rate and vitrification of C. arabica
hairy roots (Table 3). The branching and growth rate of
hairy roots in full light (50 pwmol m~? s were the
weakest out of the three different culture conditions that
were studied. Significant enhancement of root growth was
observed with an intermediate light intensity (20 pwmol
m2s” 1); darkness led to efficient branching but intermedi-
ate light gave the highest root growth rate. None of the light
conditions caused marked vitrification symptoms in coffee
hairy roots.

Effect of sucrose

Sucrose concentration moderately affected the growth of
coffee hairy roots. Optimum sucrose concentrations for
branching were found over a wide range, between 1 and
4 % (data not shown). The highest growth rates were
observed at low sucrose concentrations (I and 2 %) and
higher concentrations caused a progressive reduction in
root growth. It was thus decided to incorporate 2 %
sucrose in the proliferation medium for the following
experiments.

Morphological variability among hairy root clones

Morphological differences could be observed visually
between hairy roots (Fig. 1). The ANOVA of morphological
variability among 62 hairy root clones and three non-
transformed root clones of C. arabica showed significant
differences between the clones for total root length (P <
0-001) and for the percentage of fine roots (P << 0-001).
For these two variables, it was observed that the average
behaviour of a clone at the end of the second growth

TaBLE 3. Effect of light intensity on root branching, growth

rate of lateral roots and root vitrification of C. arabica hairy

roots grown in a MS medium containing 0-25 um IBA. Each
value represents the average + s.e. of five replicates

Light intensity Branching

(pmol (number of lateral Growth rate Vitrification
m2sh roots cm™ ') (mm d~ index (0-5)*
0 113 4+ 3:2% 0-6 + 0-09° 12 + 06
20 104 +2.7* 0-76 + 0-08" 00 + 0-0°
50 0-4 + 0-4° 0-01 +0-01° 0-8 +0-3"

* Index using a scale where 0 = none, and 5 = totally vitrified.
Means within a column followed by the same letter were not
significantly different at P < 0-001 according to Duncan’s multiple test.

Fic. 1. Different phenotypes of coffee hairy root clones in comparison
with non-transformed roots (control). (A) X16 hairy root clone showing
a high growth rate and a large percentage of branched fine roots; (B) non-
transformed root clone (C1, control); (C) X43 hairy root clone with low
growth rate and small percentage of branched fine roots; (D) X22 hairy
root clone exhibiting a normal phenotype with a large percentage of
branched fine roots and an intermediate growth rate. Scale bar = 10 mm.

period (42 d) was similar to that of the same clone after
21 d (Fig. 2). A correlation analysis between principal com-
ponents at the end of the first subculture and the second
subculture showed that canonical R was very high for the
variables percentage of fine roots and total root length
(R=093 and 0-80, respectively). The redundancy
between the two data sets (i.e. the share of variance
explained by canonicals) amounted to  89%.
Consequently, we assumed that the phenotypes were
stable over time for these two parameters. The branching
pattern, expressed as the number of lateral roots per cm of
mother root, did not display significant differences
between hairy root clones. The average behaviour of a
clone after the second subculture period was not well corre-
lated with that of the same clone after the first subculture
(Fig. 2). Consequently, the branching pattern was not
used to characterize particular altered phenotypes in the fol-
lowing analyses.

The Duncan test following the ANOVA of the percentage
of fine roots data revealed that 52 hairy root clones
(amounting to 86 %) were significantly similar to the non-
transformed controls for the proportion of fine roots. On
the other hand, eight hairy root clones showed less than
75 % of fine roots and were significantly different from
the non-transformed control roots. For the total root
length variable, it was found that only two hairy root
clones were significantly different from the other clones.

The data array in Fig. 3 shows that the majority of root
clones formed a cluster with an average total root length
of between 20-90cm and a percentage of fine roots
between 75-95%. Clones characterized by a high
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Percentage of fine roots (diam. <0-5 mm)

after one subculture (21 d)

Length (cm) after one subculture (21 d)

Branching after one subculture (21 d)
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Fi1G. 2. Correlations between growth variables characterizing the development of 62 coffee hairy root clones. The three variables were assessed at the end
of the first subculture (21 d) and at the end of the following subculture (42 d). A coefficient of determination R? was calculated and is indicated on the

percentage of fine roots (including those of the cluster)
showed higher total root lengths than clones with thicker
roots. As expected, the two root clones (X19, X16) that
were found to be significantly different from the non-
transformed control roots for total root length and eight

graphs.

cally altered.

others (X4, X28, X30, X39, X43, Z1, Z10, Z18) different
for percentage of fine roots were positioned distantly from
the cluster of root clones showing a normal phenotype
(Fig. 3), and could logically be considered as phenotypi-
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Fi1G. 3. Relation between total root length (cm) after a 3-week subculture period and the percentage of fine roots for 62 hairy root clones and three non-

transformed clones (controls) of Coffea arabica. Data from the control clones are shown in red and underlined (C1, C2 and C3). Hairy root clones sig-

nificantly different from the controls for the percentage of fine roots (i.e. possessing thick roots) are shown in green and those differing for the total root

length are shown in blue (i.e. fast growing). The hairy root clones within the ellipse were not significantly different from the controls in terms of their
morphology.

Histological observations of hairy root clones cultured in
the same conditions revealed anatomical differences for the
clones exhibiting the altered phenotype characterized by
slow growth and a low percentage of fine roots (Fig. 4).
The frequent thick roots from this altered phenotype sys-
tematically showed (1) a central cylinder with a greater
diameter and (2) a greater number of cell layers in the cor-
tical parenchyma (7 or 8) as compared with all other types
of transformed or non-transformed coffee roots (4 or 5). UV
observations did not reveal any differences in autofluores-
cence between the different root phenotypes. Similarly,
staining with IV Sudan did not display differences regard-
ing the presence of suberin (data not shown).

Molecular variability for the rol and aux genes in hairy root
clones

No band was amplified from non-transgenic roots for rol
and aux genes (Table 4). All the hairy root clones showed a
similar pattern for the oncogenes and produced bands iden-
tical to the positive control for rol genes (Ri plasmid). The
rolB and rolC genes were systematically integrated in the
transformed coffee roots and the few differences

concerning the presence of rolA and rolD genes could not
be related to the morphological variability. For the clones
showing altered root phenotypes (fast-growing or thick
diameter), no correlations were found between the pheno-
type alterations and the absence/presence of rol and aux
oncogenes from the T-DNA of the Ri plasmid established
through PCR analysis. Interestingly, we noted that the
Tgr-DNA from the Ri plasmid bearing the aux! and aux2
genes was never integrated in coffee cells, although the
T -DNA bearing the rol genes is always transferred.

DISCUSSION

The main cultivated varieties of C. arabica have been
shown to be susceptible to sedentary endoparasitic root-
knot nematodes (Meloidogyne spp.; Campos et al., 1990),
which represent a major pest for coffee culture. Hairy
roots have been proposed as an easy system for testing
nematode-resistance in crop plants and were successfully
used to study Mi and HslIpro-1 gene function in tomato
and sugar beet, respectively (Cai er al., 1997; Remeeus
et al., 1998; Kifle er al., 1999; Hwang et al., 2000). The
development of protocols for coffee hairy root regeneration
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Fi1G. 4. Histological cross-sections of normal, non-transformed roots and A. rhizogenes-transformed roots. (A) Normal root; (B) transformed root

showing a non-altered phenotype (clone X13); (C) transformed root exhibiting the altered ‘fast growing’ phenotype (clone X19); and (D) transformed

root with the altered phenotype characterized by slow growth and low percentage of fine roots (diameter <0-5 mm; clone X39). cc, central cylinder;
rh, rhizoderm; pc, cortical parenchyma. Scale bar = 100 pm.

by A. rhizogenes-mediated transformation and for sub-
sequent proliferation has become a priority in order to
rapidly validate different nematode-resistance genes, such
as Mex-1 conferring resistance to Meloidogyne exigua
(Noir et al., 2003). Although coffee hairy roots have been
obtained by different workers (Alpizar et al., 20006;
Kumar et al., 2006), the conditions for proliferation and
maintenance remained to be established.

Negative effects of light exposure for hairy root multiplication

We have demonstrated that coffee hairy root cultures
require an absence of light or low light intensity for suc-
cessful proliferation. A review of the literature revealed
contradictory information about the effect of photoperiod
and intensity of light on hairy root development. There
have been few reports of such a negative impact of light
exposure and for many species hairy roots have been
grown under light conditions. Handa (1991) reported the
successful maintenance of hairy roots from 30 different
plant species under full light conditions. C. Liu efr al
(2002) found higher growth rates of Artemisia sp. hairy
roots under continuous light conditions and suggested that
long periods of illumination accelerated the uptake of nutri-
ents from the culture medium and produced an accumu-
lation of carbohydrates in root axenic cultures. Opposite
results were found by Vanhala ef al. (1998), who observed
that darkness stimulated root biomass production in

Hyoscyamus compared with a 12-h photoperiod. In the
current study, we also observed that coffee hairy roots
under full light intensity became green and thicker, but
exhibited little or no branching.

Requirement of auxin supply for hairy root proliferation

It has frequently been proposed that auxin — through an
increased auxin content or a higher sensitivity to auxins —
is the main factor controlling the vigorous growth and
development of hairy roots in comparison with non-
transformed roots. In several plant species, A. rhizogenes-
transformed roots can proliferate after excision from the
plant in media devoid of growth regulators. That autonomy
is related to the integration and expression in transformed
cells of aux and rol genes from the Ri plasmid that
enable the production of endogenous auxin (Nilsson and
Olsson, 1997). However, in some species including
coffee, that situation does not occur and it becomes essen-
tial to add exogenous auxins to the culture media in order to
obtain and/or stimulate hairy root development. We have
shown that the type and concentration of exogenous auxin
strongly influenced root development. Depending on the
auxin concentration, positive or adverse effects on hairy
roots growth have been described. Park and Facchini
(2000) in Papaver and C. F. Liu et al. (2002) in Pueraria
found that IAA and IBA at 1-0 M gave the strongest stimu-
lation of branching but also caused higher inhibition of root
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TaBLE 4. PCR analysis of aux and rol genes insertion in coffee hairy root clones. The presence of the different aux and rol
genes belonging to the Ty and Ty T-DNA sub-fragments from the A. rhizogenes Ri plasmid was determined in 55 hairy root
clones
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growth, whereas both auxins at 0-1 uMm promoted better process seemed to inhibit hairy root growth because an
lateral-root formation and growth. Conversely, even if excessive accumulation of auxin in the apex meristematic
high exogenous auxin concentrations promoted hairy root cells could inhibit meristematic tip activity (Finlayson
branching by stimulating cell division in the pericycle, the et al., 1996) or lead to alterations in signalling response



938

from other endogenous hormones involved in hairy root
emergence and growth, such as polyamine (Ben-Hayyim
et al., 1996), ethylene (Lorbiecke and Sauter, 1999) or
ABA (De Smet et al., 2003). In our study, it was found
that the optimum concentration for root branching
(0-25 wm IBA) also corresponded to an optimum for
growth rate; moreover, that auxinic treatment, when
applied on several subcultures, supported very satisfactory
coffee hairy root proliferation over the long term.

Evidence of limited morphological variability among coffee
hairy roots

The improvement of culture conditions for hairy root pro-
liferation is commonly evaluated by assessing weight
increase, mainly because most hairy root research focuses
on increased root biomass in order to stimulate the pro-
duction of secondary metabolites. In the case of a func-
tional analysis of genes involved in plant root/pathogen
interactions, hairy roots can be of great interest but it is
imperative to dispose of transformed roots that are morpho-
logically similar to non-transgenic roots. An analysis of
morphological variability thus becomes very important
before using hairy roots in gene validation approaches.

Using the optimal culture conditions for coffee hairy root
proliferation described above has resulted for the first time
not only in the establishment of long-term axenic cultures
of numerous transformed roots (62 lines), but also of
some non-transformed roots. The availability of a signifi-
cant number of established hairy root clones was an oppor-
tunity to study the morphological variability conferred by
the A. rhizogenes-mediated transformation and to define
the morphological variables that might enable an efficient
distinction to be made between phenotypes. Most of the lit-
erature on hairy roots highlights the degree of lateral
branching, plagiotropism, presence of numerous hairs and
the capacity of hairy roots to grow when isolated from the
mother plant in hormone-free medium (Nilsson and
Olsson, 1997). Our results revealed that coffee hairy roots
did not display most of these particular properties and
that the majority of hairy root clones exhibited limited phe-
notype differences when compared with normal non-
transformed root clones; strong differences were restricted
to some particular clones. Both coffee hairy roots and non-
transformed roots did not express growth autonomy in the
absence of auxin supply. Abundant lateral branching has
often been mentioned as one of the most typical traits
within the altered phenotype of hairy roots (Tepfer, 1984;
Spano et al., 1988; Guivarc’h et al., 1999). Coffee hairy
roots showed a higher degree of lateral branching than non-
transformed roots. However, surprisingly, a statistical
analysis of images of coffee root clones revealed high intra-
clonal variability for the branching variable, which led to
that variable being discarded as an efficient differentiation
between hairy root phenotypes. It is probable that the
average number of laterals per cm of mother root was not
sufficient to characterize the root branching pattern. In
our study, with the exception of the two altered phenotypes,
the majority of hairy root clones displayed a growth inten-
sity (expressed by root length) that was not significantly

Alpizar et al. — Agrobacterium-transformed Roots of Coffee

different from that of non-transformed roots. Fast growth
of hairy roots has often been reported in the literature;
nevertheless, that difference remains slight when compared
with other species (Bonhomme et al., 2000; Park and
Facchini, 2000). However, C. F. Liu et al. (2002), using
kudzu (Pueraria lobata), observed that lateral root
elongation was similar for both types of roots. Moreover,
coffee hairy roots belonging to a composite plant exhibited
a normal positive geotropism when grown in soil (Alpizar
et al., 20006).

The existence of morphological variability between
transformed and non-transformed roots on the one hand,
and between hairy root clones on the other, was revealed
using two variables: the percentage of branched fine roots
and the total root length. Both variables were confirmed
to be stable over subcultures and to provide an immediate
application — via routine measurements through image
acquisition and analysis of hairy roots — to screen and
discard aberrant phenotypes. Phenotypic and growth
characteristics of most of the coffee hairy root clones
(86 %) were similar. Histological observations revealed
differences in tissue organization only for roots from the
altered phenotype exhibiting slow growth and a low pro-
portion of branched fine roots. It was demonstrated that
the frequency of altered phenotypes is rather low in
C. arabica. Moreover, using these two morphological vari-
ables, it is now possible to limit the heterogeneity of hairy
roots with a view to using only those clones displaying the
normal phenotype in functional-analysis studies of coffee
root genes.

Evidence of a limited variability in the integration of rol and
aux genes

Among the 55 coffee hairy root clones analysed by PCR
for the presence of rol and aux genes, we found evidence of
only weak variability in the integration of these oncogenes,
which was limited to the rol genes. Indeed, the T;-DNA
fragment of the Ri plasmid was proved to be systematically
integrated in transformed coffee cells, whereas aux genes
from the Tr-DNA fragment were never found, suggesting
that Tr-DNA is never inserted. This result agrees with pre-
vious works on different species. As reported by Altamura
(2004), it has been demonstrated in various experiments
performed by different researchers that the aux genes do
not play a main role in hairy root disease, whereas the rol
genes are necessary and sufficient per se to induce hairy
roots. The absence of rolA or rolD genes of the T -DNA
fragment in a few independent hairy root clones do not
affect their developmental fate, suggesting that only rolB
and rolC gene integration is indispensable for the induction
of the adventitious transformed roots in coffee. The rolB
gene has been the most studied in the literature because it
is the only one able to induce root formation on all plants
tested when transferred individually, or to totally suppress
root formation if inactivated (Nilsson and Olsson, 1997).
As consequence, the presence of 10 % of altered pheno-
types in coffee hairy roots can not be related to either the
presence or absence of oncogenes. Nevertheless, those
altered phenotypes could be explained by particular
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expression levels of one or various rol genes within these
clones, through differences in gene copy number, position
effects or by an epigenetic control. The inability of coffee
hairy roots to grow without an auxin supply could be
related to the absence of aux genes, responsible for auxin
biosynthesis (Camilleri and Jouanin, 1991). Several
authors have proposed that the role of Tr-DNA aux genes
of agropine T-DNA is restricted to supplementing auxin
when the endogenous auxin content is insufficient (Binns
and Costantino, 1998; Altamura, 2004), even if it was
also demonstrated that other mechanisms leading to a
stimulation of auxin biosynthesis and/or sensitivity are
under control of Ty -DNA genes (Filippini et al., 1994).

Efficient culture conditions for long-term maintenance of
A. rhizogenes-transformed roots were established in the
present work for the first time. All the isolated root frag-
ments cultured under these conditions succeeded in prolif-
erating.  Sixty-two hairy root clones have been
successfully maintained over 3 years and were character-
ized at the morphological and molecular levels in order to
evaluate the degree of intra- and interclonal variability.
The phenotyping approach employed showed a low mor-
phological variability between hairy root clones compared
with other species and the existence of only two altered
phenotypes, which represented 14 % of all clones. It was
demonstrated that the values of two growth parameters
were characteristic of each root clone and were stable
over subcultures. They can thus be used to identify effi-
ciently the clones exhibiting these particular phenotypes,
with the aim of discarding them from subsequent
functional-analysis studies and increasing the homogeneity
of the plant material, and hence the accuracy of the analysis.
Moreover, the analysis of rol and aux oncogene integration
confirmed at the molecular level the existence of a low
variability within A. rhizogenes-transformed roots of
coffee. These results make hairy roots a viable and useful
tool for coffee breeding and offer new research perspec-
tives; hairy roots could be used for the production of
plant secondary metabolites and for functional-genomic
studies of coffee root genes.
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