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e Background and Aims The basic regulatory mechanisms that control lateral root (LR) initiation are still poorly
understood. An attempt is made to characterize the pattern and timing of LR initiation, to define a developmental
window in which LR initiation takes place and to address the question of whether LR initiation is predictable.
e Methods The spatial patterning of LRs and LR primordia (LRPs) on cleared root preparations were characterized.
New measures of LR and LRP densities (number of LRs and/or LRPs divided by the length of the root portions
where they are present) were introduced and illustrate the shortcomings of the more customarily used measure
through a comparative analysis of the mutant aux/-7. The enhancer trap line JO121 was used to monitor LR initiation
in time-lapse experiments and a plasmolysis-based method was developed to determine the number of pericycle cells
between successive LRPs.

e Key Results LRP initiation occurred strictly acropetally and no de novo initiation events were found between
already developed LRs or LRPs. However, LRPs did not become LRs in a similar pattern. The longitudinal spacing
of lateral organs was variable and the distance between lateral organs was proportional to the number of cells and the
time between initiations of successive LRPs. There was a strong tendency towards alternation in LR initiation
between the two pericycle cell files adjacent to the protoxylem poles. LR density increased with time due to the
emergence of slowly developing LRPs and appears to be unique for individual Arabidopsis accessions.

o Conclusions. In Arabidopsis there is a narrow developmental window for LR initiation, and no specific cell-count
or distance-measuring mechanisms have been found that determine the site of successive initiation events.
Nevertheless, the branching density and lateral organ density (density of LRs and LRPs) are accession-specific,
and based on the latter density the average distance between successive LRs can be predicted.

Key words: Root, lateral root, patterning, density, development, initiation.

INTRODUCTION

The root system in a higher plant is an essential part of the
plant body. It not only anchors the plant in its substrate,
mines water and minerals, and transports them above
ground, but also is a site of synthesis of many metabolites
that are essential for the plant as a whole. Among these
metabolites, hormones have a significant role in almost
all physiological processes, and it has been shown that
cytokinins are synthesized in the root tip and transported
to shoot tissues (Werner et al., 2001, 2003; Kieber, 2002;
Aloni et al., 2005). In addition, root tips synthesize auxins
(Ljung et al., 2005). In order to fulfil its functions the root,
as an organ, has evolved an extensively branched system
of lateral and adventitious roots. New root production
within the root system occurs continuously during the life
of a plant. Multiple processes are involved in lateral root
(LR) formation operating on multiple levels of organization.
One of these processes is LR initiation.

LR initiation is a cardinal point in LR development and
forms the basis of root system formation in plants. Within
a framework proposed to describe the regulation of root
system development, intrinsic pathways determine particu-
lar features of a species’ root architecture whereas response
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pathways co-ordinate various environmental stimuli that
modulate intrinsic pathways (Malamy, 2005). Although
there have been many efforts to understand these pathways
(McCully, 1975; Peterson and Peterson, 1986; Torrey,
1986; Charlton, 1996; Malamy and Benfey, 1997b; Lloret
and Casero, 2002; Casimiro et al., 2003; Dubrovsky and
Rost, 2003; Barlow et al., 2004; Malamy, 2005), the basic
regulatory mechanisms that control LR initiation in plants
are still poorly understood. The exact mechanisms control-
ling LR initiation may vary between each plant species
studied; nevertheless, LR initiation in general should have
fundamental features that are common in large taxa.
With the aid of new experimental approaches, the current
study attempts further to develop concepts that may be
useful in understanding the intrinsic pathways of LR initi-
ation, and to investigate how these pathways provide for the
developmental plasticity to adapt to a heterogeneous envir-
onment. To gain insight into how these pathways may
operate to control LR initiation, a detailed analysis of the
spatial patterning of LR initiation is presented. Arabidopsis
thaliana was used as a model plant because with relatively
simple methods it permits various types of experimentation.
Two wild-type accessions (Col-0 and C24) and an enhancer
trap line JO121 in C24 background were used for this
analysis. James Haseloff and co-workers (Department of
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Plant Sciences, University of Cambridge, UK) produced
a collection of 250 Arabidopsis enhancer trap lines with
distinct and stable patterns of GAL4-VP16 and green
fluorescent protein (GFP) expression in the root (http://
www.plantsci.cam.ac.uk/Haseloff/geneControl/GAL4/
screen.html). In one of these lines, JO121, GFP expression
in the root is found only in the pericycle cells adjacent to
protoxylem poles. This tissue-specific pattern has been used
as marker of pericycle cell identity. For example, it was
demonstrated that GFP expression in JO121 roots did not
change in the background of an Arabidopsis mutant that is
deficient in LR primordium (LRP) initiation, alf4-1 (altered
lateral root formation) (DiDonato et al., 2003), or in
wild-type plants treated with the auxin transport inhibitor
naphtylphtalamic acid (NPA; Casimiro et al., 2001).

In addition, new measures of LR and LRP density are
introduced that more accurately represent the differences in
LR development observed in mutants and among various
Arabidopsis accessions. The study investigates whether
LR initiation takes place within a given developmental
window: a period of time, or a physiological state, within
which a certain developmental process must be initiated and
in some cases completed. Finally, the question of whether
LR initiation is, on some level, predictable is addressed.

MATERIALS AND METHODS

Plant material and growth conditions

Seed of Arabidopsis thaliana accession Columbia (Col-0)
was kindly donated by Gladys Cassab (Instituto de Biotec-
nologia, UNAM, Mexico). The accessions C24 (CS906) and
JO121 (CS9090) were obtained from the Arabidopsis Bio-
logical Resource Center, Ohio State University. The auxi-7
mutant was kindly donated by Luis Herrera-Estrella
(CINVESTAYV, Irapuato, Mexico).

Seeds of the Arabidopsis accessions were surface steril-
ized by incubation in folded Whatman filter paper at room
temperature in 20 % bleach, 0-3 % triton X-100 for 10 min
followed by four 10-min washes with copious amounts of
sterile nanopure water. Seeds were then incubated at 4 °C
for 2d and plated on medium containing 0-2 x MS salts
(pH 5-8), 1 % sucrose and 0-8 % agar. Plants were grown
for various times at 22°C under a light intensity of

105 umol m s ™",

Clearing of tissues, mounting, and microscopic analysis

Material was cleared by using the method of Malamy and
Benfey (1997a) with minor modifications. Briefly, seedlings
were incubated at 62 °C for 40 min in a solution of 0-24 N
HCI and 20 % methanol and then at room temperature
for 20 min in a solution of 7% NaOH and 60 % ethanol.
Plants were sequentially rehydrated via incubations in 40,
20 and 10 % ethanol, and in 25 % glycerol diluted in 5 %
ethanol (2 h per step). Individual plants were numbered and
a root with known growth increments from each plant was
cleared and mounted separately from others.

Plants were mounted on slides in the following manner.
First, a border of parafilm was made by folding a rectangle

that was slightly smaller than the cover-slip and cutting
out another rectangle starting from the folded edge. This
border was placed on the slide and rubbed into place.
Material was mounted in 50 % glycerol within the parafilm
border, covered by the cover-slip and then sealed with clear
fingernail polish. Samples were then visualized under a Zeiss
Axiovert 200 microscope employing Nomarski differential
interference contrast (DIC). Only roots that were laying on a
slide in a protoxylem plane (see Fig. 3A) were analysed.
When roots were twisted, only those that had 85-90 % of
their length in the protoxylem plane were analysed; other
root preparations were discarded from the analysis.

All measurements were made with an ocular micrometer.
The following parameters were measured: distance between
successive lateral organs (LRPs or LRs) along each pro-
toxylem-adjacent pericycle cell file (rank), distance from
the root tip (excluding the root cap) to the most distal
LRP, the length from the most distal LRP to the first
emerged LR, and the distance from the first emerged
LR to the root base. Number of LRs and LRPs (starting
from stage I) was also recorded.

Roots of the enhancer trap JO121 line were divided into
5-10-mm portions, stained with 10pgmL™~" propidium
iodide for 5 min and were then observed under an inverted
Zeiss LSM 510 Meta confocal laser scanning microscope.
Zeiss x40 (NA 0-75, Plan Neofluar) dry and x63 (NA 1-2,
C-Apochromat) water-immersion objectives were used.
The 543-nm line of an He/Ne laser and the 488-nm line
of an Ar laser were used for propidium iodide and GFP
excitation, respectively. GFP imaging was performed with
a BP 500-530 filter. For image analysis, the Zeiss Image
Examiner software, version 3-2, was used.

Characterization of JOI121

For Southern blot analysis, 2ug of digested plant
genomic DNA was electrophoresed and transferred to a
Hybond-N* membrane (Amersham Life Sciences, Little
Chalfont, UK). To obtain the probe for hybridization, a
0-7-kb fragment of the GAL::VP16 sequence was amplified
from DNA of JO121 using the 5-AAGGAAGTTCATTT-
CATTTGG-3' and 5-CAAGGGCATCGGTAAACATC-3’
primer pair. The amplified fragment was cloned into
pCR2-1 (Invitrogen, Carlsbad, CA, USA), thus generating
pCR-GAL4 plasmid. Hybridization was performed at
65°C using a **P-labelled 0-5-kb BamHI-Sstl fragment
of the GAL::VP16 gene from the pCR-GAL4 plasmid
[P in part A of the figure presented in Supplementary
Information, available on the journal website (http://aob.
oxfordjournals.org)]. For analysis of kanamycin resistance,
plants were grown on solid MS medium supplemented with
25mgL ™" kanamycin.

Plasmolysis and pericycle cell counts in JO121

Seeds of JO121 were surface sterilized and germinated as
described above. In some cases, root length was recorded
daily from 4d after germination in order to access the
growth rate at 1-d intervals. In these cases, at 8d the
whole root portion formed from day 4 to the root tip was
taken for analysis. For non-measured roots, root sections
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3—13mm from the root tip were harvested. Root portions
were placed in plasmolysing solution containing 1 M sor-
bitol in 100 mm sodium phosphate buffer, pH 7-4, for 1h
at room temperature and subsequently transferred to the
same solution supplemented with 4 % paraformaldehyde
for an additional 2-3 h at room temperature. Root portions
were mounted on slides in plasmolysing solution with fix-
ative and analysed immediately under an epifluorescence
microscope.

Cells were counted within a single cell file from the cells
directly adjacent to each primordium and only unambiguous
measurements were taken. Interprimordial distances were
measured with an ocular micrometer from the midline of
each LRP, and the approximate stage of LRP development
was recorded for both LRPs.

Root mapping experiment

Seeds of JO121 were surface sterilized as described
above. Seeds were then incubated at 4 °C for 2 d and plated
to special window plates containing the same growth
medium as in other experiments. The window plates were
prepared by gluing a 24 x 50-mm cover-slip over two
windows cut in the bottom of a square 10 X 10-cm plate,
constructed in house, and sterilized by X-ray irradiation.
Seeds were sown directly above the cover-slip and two
additional seeds were sown in between to provide condi-
tioning. Plates were orientated at 45° to the horizon and
plants were grown under the same conditions as in other
experiments for 8§ d. The position and distances between
each LR and LRP were recorded for each individual
root. These same root portions were mapped again after
an additional 7d of growth (see Fig. 2).

Time parameters

Time parameters were determined essentially by the
method described in Dubrovsky et al. (2000). Time passing
from one initiation event to the next (between two success-
ive primordia) along one rank [time between lateral organ
formation, TIf (h)] was determined from the equation:

TIf = (Lpy—1 — Lpa) V™"

where Lp, is the distance from the root tip (excluding the
root cap) to the youngest detected primordium in a root,
Lp,._; is the distance to the previously initiated primordium
along each rank and V is the rate of root growth (um h™').

As no new initiation events took place between already
initiated primordia (see Results below) the distance between
each successive primordium and/or LR (referred to collect-
ively hereafter as ‘lateral organs’) along each rank was
recorded. TIf was then estimated by dividing this distance
by V. In all cases, V was estimated as the rate of root growth
during the 24-h period corresponding to the day of growth of
that individual root (growth increments were recorded in
each individual root and time was calculated separately for
each root after clearing) when the respective lateral organs
in it were formed. Given the relatively short time interval,
steady-state growth conditions in each 24-h interval were
assumed.

RESULTS

The enhancer trap line, JO121, is a useful tool for
studies of lateral root initiation

InJO121 plants, GFP expression was absent in the pericycle
within the root apical meristem (Fig. 1A). It first appeared
in the pericycle within the zone where rapid elongation
starts (Fig. 1B) and was maintained in protoxylem-adjacent
pericycle cells throughout the root (Fig. 1C). Interestingly,
when LR initiation takes place, GFP expression was detec-
ted in the primordia up to stage III (classification of
Malamy and Benfey, 1997a), as can bee seen in Fig. 1D-F,
and at later developmental stages was absent in LRP meri-
stem (Fig. 1G and H). After LR emergence, GFP expression
was again detected in protoxylem-adjacent pericycle cells
of a LR (Fig. 1I).

To assess the number of T-DNA insertions in JO121, total
DNA was digested with either SstI or EcoRI and probed
with a BamHI-Ssfl GAL4::VPI6 gene fragment. The
hybridization pattern indicated that this line could have
two insertions (see Supplementary Information). However,
when the F, progeny of a JO0121 x C24 backcross was scored
for kanamycin resistance, it showed a 3 : 1 monogenic ratio
of resistant versus susceptible plants (n = 200, x> = 0-24)
rather than a 15:1 digenic ratio. F, kanamycin-resistant
plants showed either a high GFP expression similar to
that of the parent JO121 line, or a lower level of GFP expres-
sion, ina 1:2ratio (n =158, xz =0-14). Plants with high GFP
expression were assumed to be homozygous for the
insertion, and plants with lower GFP expression to be
heterozygous. As expected, no kanamycin-sensitive F,
plant analysed (n = 21) showed GFP expression in roots.
Although it is possible that inactivation of the kanamycin
resistance gene may have resulted from recombination or
partial insertion, together the data suggest that the JO121
line has either one or two tightly linked T-DNA insertions.
In conclusion, the enhancer trap line JO121 has a reprodu-
cible and non-segregating GFP expression pattern and can
be a useful tool for detection of LR initiation sites.

Developmental windows and growth-control points
during LR development

It is generally accepted that LR initiation along the root
obeys an acropetal pattern; the primordia are initiated in a
more distal root portion relative to already initiated prim-
ordia. Although this is in general true, earlier stages of
LR primordium development can be found basipetally to
more developed LR primordia (Charlton, 1975; MacLeod,
1990; Dubrovsky et al., 2000). This, however, does not
exclude the possibility of the simultaneous existence of
two phenomena: an acropetal pattern of initiation and a
non-acropetal sequence in the development of primordia.
This question was addressed through analysing the pattern
of LR initiation and development in JO121.

Direct observations were made on live JO121 roots that
grew in sterile custom-made Petri dishes with cover-slips on
the bottom. In 8-d plants observed under an inverted micro-
scope, using a combination of Nomarski bright-field and
epifluorescence, the position of each detectable primordium
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F1c. 1. Expression pattern of green fluorescent protein (GFP) in the enhancer trap line JO121 observed on roots orientated in the protoxylem plane. (A) Root

apical meristem. (B) Portion of the elongation zone; note, in the upper root portion expression is detected in the pericycle (4th cell layer). (C-I) Root portions

in the differentiation zone. (D-F) Stages I, II and III of lateral root primordium development, respectively. (G) Stage IV of primordium development.

(H) Recently emerged lateral root. (I) Junction between primary and lateral root. Before observations, roots of 8d (A, B, D-H), 16d (C) and 30d

(I) after germination were divided into 5-10-mm portions and then stained with propidium iodide. Green, GFP fluorescence; red, propidium iodide.
Scale bars: A, I =50 um; B-H = 20 um.

and LR within the region above the cover-slip was recorded.
This method permitted detection of LRP from stage I.
To make these observations more accurate and to follow
the fate of each primordium under observation, the primary
root was divided into two zones. Zone one, ontogenetically
formed first, was defined as the root portion from the root
base to the most distal emerged LR that can be detected
by eye (usually about 0-5 mm). In the same root, zone two
was defined as the zone of the root where LR initiation and
development takes place. We defined this zone as the root
portion that extended from the youngest LR primordium
detected in the distal root portion (closest to the root
tip) to the first emerged LR (Fig. 2B, left side). To localize
each root or primordium later and to define whether new
initiation events take place between already developed
primordia, the distance between each successive lateral
organ along each rank was recorded and a position map

was constructed. One week later, the same root portion
was analysed and developmental changes were recorded
(Fig. 2).

This analysis demonstrated that in roots of 8-d plants,
within zone one, 34 % of lateral organs were primordia.
This indicated that at least in JO121 the developmental
sequence of primordium formation was not strictly acro-
petal given that primordia were found between emerged
roots. Seven days later, only 37-5% of these primordia
emerged as LRs and the remaining 62-5% of primordia
did not (Table 1). This observation confirmed the conclu-
sion that the development of primordia was not strictly
acropetal. Primordia in zone two followed a similar emer-
gence pattern. About two-thirds of all primordia in zone two
(defined at 8 d) subsequently formed mature LRs, whereas
the others remained unemerged during the time interval
studied (Table 1). Most importantly, we did not find any
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Fi1G. 2. Summary of the experimental method for the mapping of lateral root formation. (A) Diagram illustrating the experimental method allowing for
analysis of the same root portion (blue rectangles) at day 8 and later at day 15. (B) At day 8, live roots (right) were examined and lateral roots and lateral root
primordia were visualized using a combination of epifluorescence and Nomarski optics (green insets). Schematic representations (left) were rendered of each
root including inter-lateral organ distance (mm) and zonation. Red dot indicates the presence of a stage I primordium. (C) Atday 15, live roots were examined
again and primordium initiation and lateral root formation were analysed. Scale bars = 200 um (for root portion) and 50 pum (for all green insets).

de novo LR initiation events taking place between already
initiated LR primordia or LRs (Table 1). This strongly
suggests that the pattern of LR initiation was acropetal.
In Arabidopsis wild-type 8-d plants, the earliest LR
primordia were found at a distance ranging from 2-05 to
5-42mm (C24, average 3-54mm, n = 14) and from 2-68
to 6-:20 mm (Col-0, average 3-95 mm, n = 16) from the root
tip (excluding the root cap). Based on these data and on the
average rate of root growth between days 7 and 8, it was
estimated that the developmental window was ‘opened’ for
15-7 and 10-4 h in C24 and Col-0, respectively. This period
of time was calculated in the same way as that between
two successive lateral organs along one rank (see Materials
and methods), but only considering minimum and maxi-
mum distances from the tip to the youngest primordium

found in a sample of roots and irrespective of rank. The
most distal primordia were found at stage I in 82 and 56 % of
cases in C24 and Col-0, respectively. Because the most
distal primordia in both accessions were found also at stages
IT and III, this time period represents an overestimation
and the developmental window should be operating over
an even shorter time. These results demonstrate that in
Arabidopsis LR initiation takes place in a relatively narrow
developmental window.

Longitudinal spacing of lateral organs within
the same rank of the root

The position of each primordium is an indication of
where it has been initiated with respect to others. Thus,
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an analysis of the spatial patterning of root lateral organs
can help to determine whether spatial cues dictate where
or when a primordium has to be initiated.

Each rank represents a unit of spatial regulation of LR
initiation along the root (Mallory et al., 1970; Charlton,
1983; Barlow and Adam, 1988). It has been proposed
that primordium initiation sites are determined by a
pattern resulting from the history of previous cell divisions
(Charlton, 1983; Barlow and Adam, 1988). If this is the case
for Arabidopsis, then the rank-specific distance between
nearest lateral organs should follow a pattern. The distance
between successive lateral organs within a rank in roots
of 8-d plants of JO121, in the wild-type accession of this
line, C24, and in the widely used wild-type accession Col-0
was analysed. Roots with known growth rates were treated
individually, cleared and distances were measured.

A summary of the distributions of inter-lateral organ
distance is given in Table 2. The average distance was
47, 23 and 25 % of the maximum distance for JO121, C24
and Col-0, respectively, indicating that overall distribution
was skewed to the left. This distribution thus indicated that
smaller distances were found more frequently than larger
distances within a rank. No apparent modality was found
in the lines studied (data not shown).

TABLE 1. Time-lapse analysis of lateral root development
in line JOI121

Day 8 Day 15
Incidence of
% LRPs % LRPs de novo LR
LRs LRPs emerged un-emerged development
Zone 1 62 32 37.5 62.5 0
Zone 2 - 67 71.6 28.4 0

In total, 24 plants were analysed. Zones are indicated as explained in
the text and shown in Fig. 2B. LRs, lateral roots; LRPs, lateral root
primordia.

TABLE 2. Summary of the distributions of distances between
nearest lateral organs within one rank in the roots of
Arabidopsis 8d after germination within zones one and two

No. of
Minimum Maximum Median  Average distances
Line or distance distance ~ distance distance measured/
accession (mm) (mm) (mm) (mm) no. of plants
Jo121 0.20 44 2.00 2.07 105/75
C24 0.22 6.34 1.27 1.46 109/14
Col-0 0.30 7.54 1.44 1.87 112/19

Data for C24 and Col-0 were collected from cleared preparations of whole
roots, whereas data for JO121 were collected on plasmolysed root portions
3—-13 mm from the root tip or on the root portions formed between days 4
and 8 (see Materials and methods). As smaller root portions were analysed in
JO121, existing maximum distances were underestimated. In addition, only
those distances where pericycle cell number was possible to score between
lateral organs were taken for analysis, so the number of JO121 plants analysed
was much greater than for C24 or Col-0. This explains why the data for
JO121 and C24 are slightly different.

The number of pericycle cells between successive prim-
ordia is rarely determined (Hinchee and Rost, 1992) because
of technical difficulties; however, we have developed a
method to plasmolyse pericycle cells in JO121 and at the
same time to maintain GFP fluorescence (see Materials
and methods). After plasmolysis, individual pericycle cells
were clearly visible regardless of root orientation (Fig. 3),
allowing estimation of the distance in units of length, and
also in the number of pericycle cells. This and other
analyses provided correlations between inter-lateral organ
distance and time required for initiation of successive
primordia; between distance and the number of cells (for
JO121) an increase in the time, or in cell number, between
primordia was proportional to the distance between success-
ive lateral organs (Fig. 4).

Co-ordination of initiation of LRPs between two ranks

In a diarch root of A. thaliana it is relatively simple to
analyse whether there is a certain order in initiation of
successive primordia in an acropetal pattern between the
two ranks of the protoxylem-adjacent pericycle cell files.
In the majority of cases, successive lateral organs were
arranged in an alternating pattern. When lateral organs
were formed in a non-alternating pattern the majority were
grouped in twos, and the numbers of grouped non-
alternating lateral organs significantly decreased (Table 3).
These data clearly indicated that there was a strong tend-
ency towards alternation when successive primordia are
initiated. We hypothesized that when lateral organs were
initiated in an alternating pattern, the distance between
them should be shorter than the distance between nearest
primordia initiated in a non-alternating pattern. For all
three lines analysed this hypothesis was rejected (data
not shown), indicating that the distance between successive
primordia does not depend on the spatial pattern of initiation
established between two ranks in the Arabidopsis root.

The experiments demonstrated that along the same rank
in 80% of cases (excluding the smallest distances) the

F1G. 3. Roots of JO121 subjected to plasmolysis with 1 m sorbitol. Root in
protoxylem (A) and protophloem (B) plane. (A) Merged image of green
fluorescent protein (GFP) fluorescence and Nomarski bright-field; note,
plasmolysed cells in epidermis (ep) and cortex (c). Arrowheads indicate
approximate position of pericycle end-walls. Scale bars = 50 pm.
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F16.4. Correlation analysis of interactions between inter-lateral organ distance and time required for initiation of successive lateral organs, between inter-
lateral organ distance and the rate of root growth at time of initiation (C24, Col-0 and JO121), and between inter-lateral organ distance and the number of
pericycle cells (JO121). All data are shown and regression lines are drawn. Equations and correlation coefficients, and number of measurements (1) are given.

minimal distance between primordia was equal to or greater
than 1-45, 0-56 and 0-80 mm in JO121, C24 and Col-0,
respectively, and on average 66 % (all lines analysed) of
lateral organs in the root were found in an alternating
pattern. It was estimated that in the majority of cases suc-
cessive groups of founder cells were activated at distances
that were greater than approximately 5-14 diameters of
established primordia. This indicates that some mechan-
ism exists that determines a minimum distance between
successive primordia.

Density of LRs and LRPs

The lack of an acropetal pattern of primordia develop-
ment described above prompted us to analyse this phenom-
enon quantitatively. LR density is customarily calculated
as a ratio between the number of LRs and the total length of
the primary root, and most studies do not include LRPs in
their analyses. This approach, widely used in current litera-
ture, represents an estimation of overall compactness of
the root system (Cernac et al., 1997; Marchant et al.,
2002; Chevalier et al., 2003; Gray et al., 2003;
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TABLE 3. Two-rank spatial analysis of initiation of lateral
organs formed over a period of 15d (JOI21) and 16d (C24
and Col-0) after germination in the roots of Arabidopsis plants

Percentage
of cases
where lateral
organs are in No. of
an alternating cases/roots

Percentage of cases of
non-alternating lateral organs
that are grouped in:

Accession pattern analysed 2 3 4 5 6 17
Jo121 71.7 60/13 583 333 93 0.0 0.0 0.0
Cc24 63.1 594/38  69.0 228 63 2.0 0.0 0.0
Col-0 62.2 370/31  70.1 21.8 57 00 1.2 12
20
15
g
2 10 [
O
5 -
0 1 1 1 1 1 1

20 25 30 35 40 45 50 55 60
Relative length of the zone covered with lateral roots (%)

FiG.5. Histogram of the distribution of the relative length of the branching
root zone (%) in 8-d Col-0 plants (n = 101). The relative length of this zone
was calculated for each plant as a percentage of the total root length.

Oono et al., 2003; Bao et al., 2004; Hawker and Bowman,
2004; Nodzon et al., 2004; Lopez-Bucio et al., 2005; Loudet
et al.,2005) and is hereafter termed the ‘customary density’.
These overall estimations can be applied only when in all
ecotypes, and at all ages, the ratio between the root portion
covered by LRs and the total primary root length remains
constant, a condition that is rarely fulfilled. Even in plants of
the same age, this ratio is variable in a population of 101
wild-type plants of the Col-0 Arabidopsis (Fig. 5). In this
example, in 8-d plants, relative length of the root covered by
LRs varied from 24-3 to 55-8 % of total root length. There-
fore, it is important to estimate LR density not per total root
length but per portion of the primary (or parent) root where
LRs are present (within zone one). The term ‘branching
density” is used frequently in the description of
root system architecture of field-grown plants and in the
development of root architecture models (Johnson and
Aguirre, 1991; Pages and Pellerin, 1994; Mollier and
Pellerin, 1999; Freixes et al., 2002; Pages et al., 2004).
By definition, branching density is the density of lateral
roots formed on the parent axis. This term was adopted
here and branching density was calculated as the number
of LRs divided by the length of only the portion of the parent
root where LRs emerged. In addition, changes in LRP

density were analysed in the zone where LRs emerged
(zone one) as defined earlier (see exact definitions of the
zones in the Developmental Window subsection). A new
measure of density, lateral organ density, was introduced
which reflects the density of all lateral organs (LRs and
LRPs) per portion of the primary (or parent) root where
these lateral organs are present. This analysis was under-
taken in plants of 8 and 16 d after germination. To make this
analysis more accurate, the data were obtained on cleared
roots (see Materials and methods), and LRPs starting from
stage I were scored.

As discussed above, in 8-d plants, zone one contained
both LRPs and emerged LRs, and a given percentage of
arrested or slowly developing LRPs later emerged in 15-d
plants. In an independent analysis, it was found that the
density of LRPs in zone one in 8-d plants was relatively
high and comparable with the branching density (Fig. 6).
The branching density increased significantly between
8 and 16d in both JO121 (Student’s t-test, P < 0-05) and
C24 (Student’s r-test, P < 0-001), although no significant
increase was found in Col-0. The density of LRPs in
zone one decreased 4-2-, 3-9- and 2-7-fold during the same
period for JO121, C24, and Col-0, respectively (Student’s
t-test, P < 0-001; Fig. 6). These changes in densities most
likely resulted from the emergence of those LRPs that were
found in zone one at day 8.

LRP density in zone two did not change between days 8
and 16 in JO121 and C24 (Student’s z-test, P > 0-05). In
Col-0 it increased 49 % (Student’s #-test, P < 0-001) during
this period, indicating that there was an increase in the
rate of LRP initiation. Such an increase in LRP initiation
can be assumed under the condition that the average
length of fully elongated cells did not change during this
period. Indeed, in this case average cortex cell length was
not changed (data not shown). Under conditions of severe
water stress in desert Cactaceae, lateral organ density
increases proportionally to a decrease in the epidermis
cell length, indicating there is no actual acceleration in
LRP initiation even when density increased and demon-
strating that LRP initiation in the studied species is not
affected by water stress (Dubrovsky and Gomez-Lomeli,
2003). This example illustrates that when estimating the
rate of LR initiation it is important to consider possible
changes in average cell length.

Lateral organ densities determined by the novel method
were compared with those as customarily determined. In
plants of 8 and 16 d, the lateral organ density remained
relatively constant in JO121 and Col-0 but significantly
decreased in C24 (Student’s t-test, P < 0-05; Fig. 6).
Densities measured customarily were always less that the
branching densities (at day 8, they were 2-0, 1-9 and 1-8
times less than the branching density in JO121, C24 and
Col-0, respectively; Student’s r-test, P < 0-001). Further-
more, customary density always increased significantly
between 8 and 16 d (Student’s #-test, P < 0-05 for all lines).

To provide a comparison of the densities proposed
here with the customary method lateral organ density
was measured in the mutant aux/-7 deficient in lateral
root formation (Marchant et al., 2002). These authors
showed that customary density gradually increased between
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F1G. 6. Changes in the density of lateral organs in JO121, C24, Col-0 and
auxI-7 plants 8 and 16d after germination. Customary density was cal-
culated as the number of emerged lateral roots divided by the total root
length. The lateral organ density (LOR) was calculated as the number of
all lateral organs divided by the root portion where they are present. The
branching density (LR-Z1) was calculated as the number of emerged lateral
roots divided by the length of the root portion where LRs are emerged (zone
one). The density of primordia within this zone (LRP-Z1) was calculated as
the number of primordia within the zone divided by the length of the zone.
The density of primordia within zone two (LRP-Z2) was calculated as the
number of primordia within the zone (see Fig. 2B) divided by the length
of the zone. Combined data of at least two independent experiments; 7 is
indicated in each case.

5 and 13d after germination and that it was significantly
lower in the mutant. Similar results showing a gradual
increase in customary density were obatined here (Fig. 6).
In experiments described here, branching density in 8-d
auxl-7 plants was 1-5 times lower than in Col-0 (Student’s
t-test, P < 0-01), but in 16-d auxI-7 plants it was similar
to that in Col-0 (Student’s #-test, P > 0-05). As the density
of LRPs in zone one significantly decreased between 8
and 16 d (Fig. 6), this indicated that primordia arrested
(or slowly developing) in 8-d plants emerged later. Thus,
AUXI 1is seemingly not involved in the emergence of
slowly developing primordia. The lateral organ density in
this mutant was similar to that of Col-0 at 8d but at 16d
became significantly lower (Student’s t-test, P < 0-001),
indicating a decrease in overall LRP initiation. To verify
this, the density of LRPs in zone two was analysed.
Although there were no differences in 8-d plants, at 16d
the LRP density in auxl-7 zone two decreased almost
two-fold compared with Col-0 (Student’s ¢-test, P < 0-002;
Fig. 6). The length of fully elongated cortical cells in
16-d auxl-7 plants was similar to that in Col-O (data not
shown). Analysis of LRP density in zone two demonstrated
that AUXI is required for LRP initiation. This same con-
clusion was reached previously based on analysis of LRP
developmental stages on root sections (Marchant et al.,
2002). This example illustrates that important aspects
of LR development are revealed with the method pro-
posed here and that it permits quantitative and adequate
estimation of LR initiation.

DISCUSSION

Developmental window and acropetal pattern
of root initiation

Various growth control points operate in root development
(Laskowski et al., 1995; Malamy and Benfey, 1997a, b;
Dubrovsky et al., 2000; De Smet et al., 2003), but whether
or not specific developmental windows exist for processes
such as LR initiation and/or emergence remains unknown.
In most plants LR initiation begins with the activation of
pericycle founder cells that give rise to a population of
actively dividing cells of the LRP. A developmental win-
dow defining cell competence to produce LRs has been
established for pea roots (Gladish and Rost, 1993), although
LRP initiation was not studied in that work.

The fact that LR initiation in Arabidopsis is restricted to a
developmental window implies that there is a regulatory
mechanism to control such a pattern. Most probably, nutri-
tional and hormonal factors play a significant role in this
control. Many studies have demonstrated that this pattern
can be broken with external hormonal treatment. Exo-
genous application of the auxins induces initiation of LR
primordia between already formed LRs (Blakely et al.,
1982; Lloret and Pulgarin, 1992; Laskowski et al., 1995;
Kerk et al., 2000). Thus, the concept of a developmental
window can be applied only to intact untreated roots.
Our research suggests that these regulatory mechanisms
determine the competence of pericycle cells to produce
(or activate already determined) founder cells, maintain
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an acropetal pattern of LR initiation, and operate
during a relatively short time within the zone distal to
the youngest LRP.

The acropetal pattern of LR initiation found in this study
of Arabidopsis roots is not necessarily present in other
plants. For example, MacLeod (1990) reported that in
maize roots, there is a gradual increase in the number of
lateral organs in each of 5-mm portions up to 8 cm from the
tip (from on average 0-4 to 4-6 lateral organs per portion).
This clearly indicates that LR initiation does not proceed
acropetally in maize roots and that new initiation takes
place between already initiated primordia during normal
development. In this case, the developmental window for
LR initiation appears to be relatively wide.

In Arabidopsis once LR primordia are initiated, their
pace of development can be variable even in two success-
ively initiated primordia. In the current study, the common
occurrence of arrested or slowly developing primordia
at various stages during normal development indicates
that LRP initiation, LR meristem establishment and root
emergence can be interrupted. Primordia present between
already emerged LRs were also observed in other studies
(Dubrovsky et al., 1998; Zhang et al., 1999; Deak and
Malamy, 2005). The fact that in Arabidopsis some of
these primordia later emerge and grow indicates that
after initiation takes place no other strict developmental
window exists that prohibits primordium meristem estab-
lishment or LR emergence under the conditions studied.
These results support that LR initiation, meristem establish-
ment and LR emergence represent growth-control points
that operate during normal root development. These appear
to be controlled independently, providing a level of
plasticity during root system formation.

Spatial patterning

It is unknown whether in Arabidopsis the number of
pericycle cells between successive primordia in one rank
is a factor important for the determination of the site of LRP
initiation. Answering this question in wild-type plants is
difficult because pericycle cells are long vacuolated cells
that can be up to 300 um in length (Dubrovsky et al., 2000).
The dye propidium iodide, commonly used for root studies,
does not penetrate differentiated tissues of living roots
(J. G. Dubrovsky, personal observation), and even when
excised root portions are stained as in this study, pericycle
end-walls cannot be detected easily (Fig. 1). Because only
protoxylem-adjacent pericycle cells can be counted, extens-
ive histological work is required. The plasmolysis-based
method here permitted identification of end cell walls in
the pericycle, but even with this method vacuolization made
some intervals between lateral organs impossible to score.
This analysis demonstrated high variability in the number of
cells between successive lateral organs.

In JO121 plants the number of cells between successive
lateral organs increased in proportion to the distance, an
this can be extrapolated to C24 and Col-0 plants. The
data presented in Fig. 4 indicate that neither time nor cell
number was deterministic for defining the site of new prim-
ordium initiation. Interestingly, in all three lines analysed

there was no correlation found between inter-lateral organ
distance and the rate of root growth. This may indicate that
plant nutritional status affecting the rate of root growth does
not have a role in the determination of the site of a new
initiation event. Both slowly and rapidly growing roots may
have shorter and longer distances between successive prim-
ordia (Fig. 4). Similar findings that inter-lateral distances
are independent of root growth rate were reported for
banana roots (Draye, 2002).

A certain level of regularity in the spacing of LRs has
been demonstrated in some species (Mallory et al., 1970;
Charlton, 1983; Barlow and Adam, 1988). Analysis of the
spatial distribution of primordium initiation within a rank
in Arabidopsis demonstrated no regular patterning. The
ratio between maximum and minimum distances within
one rank was equal to 29 and 25 in C24 and Col-0, respect-
ively. The absence of any modality in inter-lateral organ
distances indicates the complex regulation of determination
of LR initiation site. The analysis presented here is based
on the supposition that one rank represents a unit of spatial
regulation of LR initiation (see Results). However, we
cannot exclude the possibility that in diarch roots such as
those of Arabidopsis spatial patterning of inter-lateral organ
distance may be established irrespective of rank. Further
work is required to solve this problem. One indication
that this is the case is a strong tendency to alternation in
initiation sites of successive lateral organs between two
ranks found in the current study. This tendency demon-
strates that some level of regular patterning exists, and
that some as yet unknown mechanisms operate to determine
founder cell activation for LRP formation.

Independent of the high variability in inter-lateral organ
distance along one rank, the average distance between
nearest lateral organs appears to be a general characteristic
of each accession. To evaluate the general pattern of
primordium initiation in a species or an accession, LR
and LRP densities may serve as important quantitative
parameters describing the general ability of a parent root
to form lateral organs.

Density of LRs and LRPs

There are two fundamental reasons why the customary
means of measuring LR densities does not reflect the actual
LR density or changes in this value during development.
First, by including the variable non-LR-bearing root por-
tion, noise is inadvertently introduced and actual density
values that reflect the true distances between successive
LRs will always be underestimated. Second, the customary
density will always tend to increase artificially with devel-
opmental time because existing LRPs not included in
the measure at an earlier developmental stage later emerge,
thus resulting in an increase in density. Compounding the
problem is that as the root grows longer the non-LR-bearing
root portion always makes up a smaller percentage of the
overall root length. The result is that with developmental
time the customary density increasingly underestimates
actual LR density. This is reflected in the data presented
here; in all lines examined, customary density increases
between 8 and 16 d of growth whereas lateral organ density
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stays the same for JO121 and Col-0 or decreases for C24
(Fig. 6). Similar increases in customary density over time
have also been reported for both wild-type and auxI-7
plants (Marchant et al., 2002).

Branching density and lateral organ density are appar-
ently accession-specific. Lateral organ density was the same
in JO121 (which is in a C24 background) and C24 both in
8-d and 16-d plants (P > 0-05, Student’s z-test), but was
about two-fold lower in Col-0. Comparison of both spatial
patterning and the densities of primordia in JO121 and C24
demonstrated no differences for most of the parameters
studied. This indicates that in JO121, T-DNA insertion
apparently did not affect root phenotype and thus the
observations for JO121 could be valid for plants with
C24 genetic background. F, progeny segregation after
backcrosses indicated that kanamycin resistance and GFP
expression co-segregate in a monogenic mode. Together
with results of Southern hybridization, this suggests that
JO121 has only one functional insertion and could easily
be used for pericycle and LRP developmental analyses in
the genetic background of various mutants.

It was of interest to evaluate density as a measure of
LR initiation, and in this regard, as noted in the Results,
the length of fully elongated cells should be considered. The
pericycle cells in the young differentiation zone maintain
proliferation and become shorter, whereas in the more dif-
ferentiated zone their proliferation activity is decreased
(Dubrovsky et al., 2000). As there is no sliding growth
in plants (Sinnot and Bloch, 1939; Brumfield, 1942),
it can be assumed that in an accession, or under certain
growth conditions, the ratio between average cell length
on non-pericycle cells and that of the protoxylem-adjacent
pericycle cells is constant. Interestingly, whereas in 16-d
plants there was a difference in lateral organ density in
C24 and Col-0, there were no differences in the average
length of elongated cortical cells in these accessions.
Therefore, these density differences are real and indicate
that C24 initiated more LRPs per unit length than Col-0,
and that in C24 more LRPs were produced per average
number of pericycle cells in a rank. To make this analysis
more conclusive, it is necessary to evaluate the length of
pericycle cells in the differentiation zone. These measure-
ments would need to be made on histological sections and
are extremely time consuming. Nevertheless, we consider
that for evaluation of the rate of LRP initiation, density data
lacking an evaluation of cell length would be insufficient.

With the approach here, the branching density in roots
was calculated based on data on the length of the branching
root zone and the number of LRs reported in Chevalier
et al. (2003). Branching density in the Arabidopsis acces-
sions Cvi-0, Col-4, Ler-1 and Ws-1 were 2-85, 3-70, 4-14
and 3-29 LRs per cm, respectively, and branching density
was 1-4- to 2-fold greater that the customary density repor-
ted here for these accessions. Thus, these estimations and
our data demonstrate that there are, apparently, intrinsic
differences in branching density between different acces-
sions. This example also shows that branching density can
be a sufficient parameter to discern differences between
different accessions, as with C24 and Col-0 here, and that
it is an important descriptive element of root architecture in

general. In other species, branching density (although not
always termed as such) was also shown to be a relatively
stable parameter in isolated and intact roots (Barlow and
Adam, 1988; Mollier and Pellerin, 1999; Freixes et al.,
2002). Customary density when used in complex analyses
such as of quantitative trait loci (Loudet et al., 2005) or
large-scale analysis of the effect of phosphate availability
on root system architecture (Chevalier et al., 2003) may
introduce undesirable errors.

Predictability of primordium initiation

In Pteridophytes, a repetitive and relatively regular
pattern of LR spacing has been reported that can be attrib-
uted to a merophytic organization of the root apical meris-
tem (reviewed in Charlton 1996). A regular pattern was also
found to exist in some Angiosperms (Mallory et al., 1970;
Charlton, 1983) and can be determined within the root
apical meristem post-germination (e.g. in banana, Musa
acuminata, Charlton, 1982) or even during embryogenesis
(e.g. in cucumber, Cucumis sativus, Dubrovsky, 1987). In
most Angiosperms, however, initiation takes place in the
differentiation zone of the growing root. It is generally
considered that there is no pattern of LR spacing and
thus that LR initiation is an unpredictable, stochastic pro-
cess. In most studies, usually only developed lateral organs
(lateral roots) have been analysed. To determine if there is
a pattern of LR spacing, and whether LR initiation is pre-
dictable, it is crucial to consider both primordia and
developed roots. It is known that in stressful environmental
conditions, such as drought, primordia can be arrested and
subsequently emerge very rapidly when water becomes
available (Dubrovsky et al., 1998). In Arabidopsis, there
is a fraction of LRPs that are arrested (or slowly developing)
and subsequently emerge as the plants age (Table 1). LR
initiation occurs during a relatively narrow developmental
window (this study), so in assessing the predictability of
LR initiation it is not critical to have information on
the subsequent fate of initiated primordia (whether they
developed into LRs or not).

Spatial and temporal information regarding primordia
initiation for two accessions of Arabidopsis permitted us
to address the problem of predictability. We have shown
that determination of the site of primordium initiation is
highly variable. Inter-lateral organ distance was not depend-
ent on the rate of root growth or on the number of pericycle
cells between successive primordia within the same
rank. As a result, the time that passed between the initiation
of one primordium and a new initiation event along one
rank ranged from 1-8 to 17-2h (C24) or from 2-3 to 13-7h
(Col-0) in 80 % of cases (excluding the 10 % lowest and
10 % highest values). The experiments described here show
that hypothetical internal mechanisms controlling LR
patterning, such as the strict counting of pericycle cells
or the perception of a particular distance or time interval,
do not function in this system.

In spite of the highly variable behaviour of LR initiation,
several independent lines of evidence provide a foundation
from which a level of predictability can still be established.
Each accession of Arabidopsis analysed here has its own
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average lateral organ density (considering the density of
both LRPs and LRs per parent root where these lateral
organs are present). From the density data a theoretical
(predicted) average distance can be deduced. For example,
for 8-d C24 plants the average lateral organ density was
1.03mm~". Considering that the Arabidopsis root is a
diarch, the lateral organ density along one rank should
be 0-515mm~"' (two-fold lower than the lateral organ
density). From this the theoretical (predictable) distance
between successive lateral organs can be estimated. A lat-
eral organ density of 0-515mm ™" is the same as one lateral
organ per 1-94mm. In reality, the average inter-lateral
organ distance was equal to 1-46 mm (Table 2), which is
similar. Similar estimations for predictable distance in
JO121 and Col-0 would be 2-13 and 3-70 mm, again rela-
tively close to real average distance of 2-07 and 1-87 mm,
respectively (Table 2). Interestingly, in JO121 the data on
root density (n = 30) and on inter-lateral organ distances
(n = 75) were collected from different samples, but the
predicted distance was very close to the estimated distance.
For Col-0, the predicted distance was almost twice that of
the estimated distance. However, considering that the maxi-
mum measured distance in Col-0 was 25-fold greater than
the minimum, this prediction is still relatively accurate. As
the density represents an average for the root, this can pro-
duce mathematical noise, which may explain why in some
cases the predicted distance is different from the estimated
average distance. Using this approach, only average dis-
tances can be estimated.

In addition, it was demonstrated here that in the majority
of cases there is an alternation in the position of initiation
between ranks. The findings that (a) there is a strong ten-
dency towards an alternation of LR position between ranks
and (b) no new LR initiation events took place between
already initiated primordia allowed us to make general pre-
dictions. The fact that there is to some degree predictability
makes it possible to visualize and model the general pattern
of LR initiation. In polyarch roots, this concept may have
certain limitations. However, there are cases where even in
polyarch roots a pattern of initiation can be followed in time
(Charlton, 1983) and thus can be predicted. The analysis
here demonstrates that a level of predictability is operative
and can be applied within the context of developmental
plasticity.

In conclusion, through applying the concepts of devel-
opmental window, spatial patterning, density and predict-
ability LR initiation in Arabidopsis plants was analysed.
The relatively narrow developmental window for LRP ini-
tiation found in this study permitted a quantitative analysis
of LRP initiation to be made. Simple evaluation of the
number of roots does not permit evaluation of the rate of
initiation. However, comparing the density of all lateral
organs (LRs and LRPs), lateral organ density and the
density of LRPs in zone two during plant ontogenesis pro-
vides an adequate means of analysing how LRP initiation
may change in the same plant species over time, or under
different environmental conditions. High plasticity in
lateral root development certainly should be functional
for ecological fitness. In Arabidopsis, no specific cell-
count or distance-measuring mechanisms have been found

that function for determination of the site of successive
initiation events. Nevertheless, branching density and
lateral organ density are apparently accession-specific in
Arabidopsis, and perhaps species-specific in different
taxa, indicating the existence of certain intrinsic control
mechanisms and parameters operating during LR initiation.
The finding that there was no de novo initiation events and
the introduction of a measure of lateral organ density
allowed us to predict an average distance at which new
initiation events should occur in a growing root. Further
studies are required to answer many questions about how
developmental plasticity in LR initiation is maintained
within certain developmental restrictions, and how these
parameters are established in different plant species.

SUPPLEMENTARY INFORMATION

Information on Southern blot hybridization is available
online at http://aob.oxfordjournals.org, consisting of a
schematic representation of T-DNA integrated into plant
DNA of the JO121 line and a visualization of restriction
fragments.
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