
The AUX1 LAX family of auxin influx carriers is required for the establishment
of embryonic root cell organization in Arabidopsis thaliana

Yamel Ugartechea-Chirino1,*, Ranjan Swarup2, Kamal Swarup2, Benjamin Péret2, Morag Whitworth2,
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† Background and Aims The root meristem of the Arabidopsis thaliana mature embryo is a highly organized
structure in which individual cell shape and size must be regulated in co-ordination with the surrounding
cells. The objective of this study was to determine the role of the AUX1 LAX family of auxin import carriers
during the establishment of the embryonic root cell pattern.
† Methods The radicle apex of single and multiple aux1 lax mutant mature embryos was used to evaluate the
effect of this gene family upon embryonic root organization and root cap size, cell number and cell size.
† Key Results It was demonstrated here that mutations within the AUX1 LAX family are associated with changes
in cell pattern establishment in the embryonic quiescent centre and columella. aux1 lax mutants have a larger
radicle root cap than the wild type and this is associated with a significant increase in the root-cap cell
number, average cell size, or both. Extreme disorganization of the radicle apex was observed among quadruple
aux1 lax1 lax2 lax3 mutant embryos, but not in single aux1 null or in lax1, lax2 and lax3 single mutants, indi-
cating redundancy within the AUX1 LAX family.
† Conclusions It was determined that the AUX1 LAX family of auxin influx facilitators participates in the estab-
lishment of cell pattern within the apex of the embryonic root in a gene-redundant fashion. It was demonstrated
that aux1 lax mutants are affected in cell proliferation and cell growth within the radicle tip. Thus AUX1 LAX
auxin importers emerge as new players in morphogenetic processes involved in patterning during embryonic root
formation.

Key words: AUX1 LAX genes, auxin, Arabidopsis thaliana, embryogenesis, meristem, radicle development,
cell pattern establishment.

INTRODUCTION

Cellular organization of the root apex has been widely studied
as a model for understanding both plant development and evol-
ution. Angiosperm evolution is associated with a diversifica-
tion of root apical meristem (RAM) organization (Groot
et al., 2004; Hemish and Seago, 2008); which is developmen-
tally programmed throughout ontogenesis (Baum et al., 2002;
Hemisch and Seago, 2008) and, at least during the early post-
germination period, is directly dependent on how the radicle
apex in the mature embryo is organized (Heimsch and
Seago, 2008). Out of all the angiosperms, perhaps the best-
studied species is Arabidopsis thaliana with its highly con-
served organization of the radicle apex (Dolan et al., 1993;
Scheres et al., 1994; Wenzel and Rost, 2001; Shishkova
et al., 2008). Young roots in A. thaliana and other members
of the Brassicacceae have closed apical meristem organization
with three tiers or cell layers of initials, which are distinct for
the stele, cortex–endodermis, root cap/protoderm and colu-
mella; all of them surrounding a group of central, relatively
quiescent cells (quiescent centre, QC). In this work, arabidop-
sis was used as a model to understand the role of auxin cellular
influx carriers during the establishment of root patterned cell
proliferation during embryogenesis.

Arabidopsis thaliana embryogenesis involves a highly stereo-
typed sequence of cell divisions which has been characterized in
detail by anatomical analysis and confirmed by lineage analysis
(Dolan et al., 1993; Jurgens and Mayer, 1994; Scheres et al.,
1994). The embryonic root (radicle) meristem specification
process is first evident with the division of the hypophyseal
cell at the basal pole of the globular embryo, considering the
embryonic base as the pole attached to the maternal tissue and
the apex located at the opposite pole (Friml et al., 2006). By
early heart stage, the QC cells are established and they are
already surrounded by the cells recruited as meristem initials.
During torpedo and bent-cotyledon stages the derivatives of the
hypophyseal cell keep dividing until they form five layers, the
uppermost being relatively mitotically inactive (the QC), and
the four basal layers forming the columella root cap (Dolan
et al., 1993; Jurgens and Mayer, 1994; Scheres et al., 1994). In
this paper, the focus is on the development of the basal pole of
the mature embryo which includes the ‘apex of the mature
radicle’. Therefore, from here on this term is used as the embryo-
nic root apex constitutes the prospective RAM and root cap.

The arabidopsis embryonic RAM requires active transport of
the signalling molecule auxin. This implies auxin relocation
from its original source in order to establish a morphogenetic
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field in which gene expression in individual cells is modified in
response to the auxin signal (Bhalearo and Bennett, 2003; Friml,
2003; Benkova et al., 2009). Unlike animal morphogens, auxin
embryonic signalling requires dynamic transportation. This has
been extensively analysed for the PIN-FORMED (PIN) family
of auxin importers and for phosphoglycoprotein (PGP), which
together define independent and complementary auxin transport
mechanisms (Bandyopadhyay et al., 2007; Vieten et al., 2007;
Mravec et al., 2008).

Specification of a single-cell-layered QC tier is a process that
is dependent on dynamic auxin transport via the PIN family
members PIN1, PIN4 and PIN7. At the early globular stage,
protein localization of PIN1 and PIN7 is actively directed to
the basal membranes of provascular cells and hypophysis,
respectively (apical and basal cell membranes refer to their rela-
tive position in the whole embryo, and not relative to the root
apex; Friml et al., 2006). At this stage, PIN4 starts its expression
non-polarly at the hypophysis plasma membrane and at the basal
membrane of the most apical suspensor cell. This PIN distri-
bution is necessary to establish an auxin maximum gradient
towards the basal end of the embryo (Steinmann et al., 1999;
Aida et al., 2002; Friml et al., 2003; Petrasek et al., 2006;
Dhonukshe et al., 2008; Kleine-Vehn et al., 2008). Genetic
control of PIN expression and localization involve the transcrip-
tion or RNA-processing control of the RS domain protein
MERISTEM-DEFECTIVE (MD) (Casson et al., 2009) and
intracellular relocalization via the membrane-associated ARF
GEF protein EMB30/GNOM (Bush et al., 1996; Steinmann
et al., 1999; Donaldson and Jackson, 2000; Friml et al., 2003;
Geldner et al., 2003; Jurgens and Geldner, 2007; Kleine-Vehn
et al., 2008; Tanaka et al., 2009) and the RAB5 endocytic
pathway (Dhonukshe et al., 2008). The resulting auxin
maximum indirectly activates the auxin response factor
MONOPTEROS (MP/ARF5) via degradation of the AUX/
IAA family member BODENLOS (BDL/IAA12) (Hamann
et al., 1999, 2002, Weijers et al., 2006; Ploense et al., 2009).
In a regulatory feedback loop, auxin-downstream activation of
transcription factor activity is correlated with PIN1 accumu-
lation at the basal plasma membrane of the provascular cells,
promoting auxin flow into the hypophysis (Weijers et al.,
2006). This auxin-directed flow is necessary, but not sufficient,
for hypophysis specification. A still undetermined mobile
signal downstream of MONOPTEROS (MP) is also required
non-cell-autonomously for QC specification. MP activation is
also required for the correct expression pattern of the AP2
class putative transcription factors PLETHORA1 (PLT1) and
PLETHORA2 (PLT2) to the basal end of the globular embryo
(Aida et al., 2004). The putative transcription factors of the
GRAS family, SCARECROW (SCR) and SHORT ROOT
(SHR) (Di Laurenzio et al., 1996; Bolle, 2004), are also required
for localization and specification of QC cells (Sabatini et al.,
2003; Aida et al., 2004). SCR is required non-cell-
autonomously to promote SHR expression, and together they
are involved in the specification of single-cell layers including
the QC and one layer of the endodermis. SHR expression
defines which PLT1- and PLT2-expressing cells acquire QC
identity. Together, PLT1, PLT2, SCR and SHR are necessary
to establish cell patterning of the embryonic RAM in which a
single layer of QC cells is surrounded by initial cells capable
of producing all apical root tissues (Aida et al., 2004).

Despite the well-documented participation of the PIN auxin
efflux carriers during embryonic patterning, the role of
dynamic auxin influx during this process remains unclear.
Auxin cellular influx via AUX1 (AUXIN RESISTANT1)
and its close homologues LAX1, LAX2 and LAX3 (LIKE
AUXIN RESISTANT), which are transmembrane proteins
with highly conserved permease activity, participate in many
post-embryonic developmental processes such as gravitropism,
phyllotaxis and lateral root formation (Marchant et al., 1999,
2002; Parry et al., 2001; Reinhardt et al., 2003; Swarup
et al., 2005, 2008; Dubrovsky et al., 2006; Bainbridge et al.,
2008; Laskowski et al., 2008). AUX1 was first characterized
by Bennett et al. (1996) and its activity as an influx carrier
with high affinity to auxin was demonstrated by its heter-
ologous expression in Xenopus oocytes (Yang et al., 2006).

PIN1, PIN2 and AUX1 intracellular targeting requires internal-
ization by endocytosis and targeting for degradation into lumenal
vesicles of multivesicular bodies required for transport (ESCRT)
machinery. Recently, Spitzer et al. (2009) analysed embryos
in which PIN1, PIN2 and AUX1 are mislocalized to the
vacuolar membrane in double-mutant embryos for the ESCRT-
related CHARGED MULTIVESICULAR BODY PROTEIN/
CHROMATIN MODIFYING PROTEIN1A (CHMP1A) and
CHMP1B proteins. These embryos show limited polar differen-
tiation and abnormal bilateral symmetry (Spitzer et al., 2009).

In this study, a novel function for the AUX1 LAX family
of auxin influx carriers during the establishment of patterned
cell proliferation was identified during development of the
embryonic basal end. All aux1 lax single and multiple
mutant lines contained embryos in which aberrant cell prolifer-
ation involved abnormal cell size, cell number or both.
Furthermore, the aux1 missense alleles had defects in root
cap cell pattern, which were also observed in the quadruple
mutants. Interestingly, this latter effect was not associated
with aux1 null alleles, or with lax1, lax2 or lax3 single
mutant lines. Because the quadruple aux1 lax1 lax2 lax3
mutant line analysed in this study contains an aux1 null
mutation, the results indicate that members of the AUX1
LAX family are required redundantly for establishment of
correct cell organization in the radicle apex of arabidopsis.

MATERIALS AND METHODS

Plant growth conditions

For adult plant growth, seeds were soaked in sterile water at
4 8C for 3 d prior to being sown. Seeds were sown individually
in P40 trays with F2 compost (John Innes), treated with
Intercept. They were placed either in a greenhouse or in a
Fisons cabinet with 16-h days (daytime conditions of 22 8C,
65 % humidity, 100 mmol light; night conditions of 17 8C,
22 % humidity). Seeds from dried plants were collected for
mature embryo analysis.

Plant material

The wild-type (wt) accessions used during this project were
Columbia (Col-0), Landsberg erecta (Ler), Wassilwskija (WS)
RLD and C24. All of these lines were obtained from The
European Arabidopsis Stock Centre (NASC). The following
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missense and null aux1 alleles were analysed as homozygotes
(AT2G38120): the missense allele in Col-0 was aux1-7
(Pickett et al., 1990); the missense alleles in WS were
aux1-104, aux1-105, aux1-111, aux1-112, aux1-113,
aux1-114, aux1-116, aux1-117, aux1-11 and aux1-120
(Swarup et al., 2004); the null alleles in Col-0 were aux1-21
and aux1-22 (Roman et al., 1995); and the null allele in Ler
was wav5-33 (Okada andShimura, 1990). Also previously
identified insertion mutants for lax1 (AT5G01240), lax2
(AT2G21050) and lax3 (AT1G77690) (Swarup et al., 2008)
were analysed, as well a quadruple homozygous mutant line
for aux1-21 lax1 lax2 lax3 (Bainbridge et al., 2008).

Embryonic cell wall staining

Mature embryos were soaked in dH2O overnight. Seed coats
were removed under a dissecting microscope using fine forceps
and a 250-mm tungsten tip needle. Embryos dissected from the
seed coat were transferred to 1.5-mL Eppendorf tubes contain-
ing 200–500 mL of fixative (50 % v/v methanol, 10 % v/v
acetic acid). Embryos were stored overnight or up to 1 week
in fixative at 4 8C. Fixative was removed and the sample was
washed twice with water. The water was removed and the
embryos incubated at room temperature for 30–45 min in
400 mL of 1 % periodic acid. Periodic acid was removed and
the embryos were rinsed three times with water. Then, the
water was removed and the embryos were incubated for 2 h
in 200 mL of Schiff’s reagent (1.9 g sodium metabisulfite,
97 mL water, 3 mL 5 N HCl) and 20 mL of 1 mg mL21 propi-
dium iodide. Embryos were rinsed with water and transferred
to a drop of chloral hydrate (80 g chloral hydrate in 30 mL
water) on a microscope slide. Excess chloral hydrate was
removed using a P2 Gilson pipette, and the embryos were
mounted in Hoyer’s solution (30 g gum arabic, 200 g chloral
hydrate, 20 g glycerol, 50 mL water). Mounted embryos
were covered with cover slips of No. 1 thickness. Mountings
were left to harden overnight before confocal imaging.

Microscopy and image analysis

Confocal microscopy was performed using a Zeiss LSM510
META upright confocal microscope. Propidium iodide was
excited at 543 nm from the HeNE (1 mW) laser and collected
through a 560LP emission filter. Optical transverse reconstruc-
tions were made from longitudinal optical sections using Zeiss
LSM Image Browser software and Amiraw (Indeed Visual
Concepts, GmbH, Berlin) Root cap areas were measured
using Zeiss AxioVision software. Finally, images were pro-
cessed using Photoshop.

RESULTS

Radicle apical organization as a model of arabidopsis stereotypic
cell architecture establishment

The organization of embryonic root apex in A. thaliana has so
far been described in Col-0 genetic background showing a
reproducible, relatively simple, and well-defined cell pattern
(Dolan et al., 1993; Scheres et al.,1994). RAM organization
in this accession is widely considered to be typical for

A. thaliana. The organization of the radicle tip in Col-0 wt
embryos was used as a reference model to evaluate the
effect of mutations in the AUX1 LAX gene family on the
embryonic root phenotype.

In order to characterize the cell architecture in the median
longitudinal section of both wt and mutant radicle apex, high
resolution optical confocal sections of the embryonic root tip
were produced. Mature embryos were processed with a modi-
fied protocol for staining cell walls with propidium iodide
using a periodic acid–pseudo-Schiff reaction (see Materials
and methods). The fine resolution in the z-axis provided by
confocal microscopy made it possible to discriminate
between the cell walls from overlapping cell layers and cell
walls from ectopic divisions within a single optical section.
Furthermore, the possibility of creating transverse reconstruc-
tions from stacks of longitudinal sections made it possible to
relate each cell from a given optical section with a specific
cell file, thus making it possible to ensure that tissue bound-
aries were determined as accurately as possible using only
cell positional information.

One visual landmark that we used to assess the embryonic
RAM cell patterning was the QC organization. In Col-0, a
group of two to four QC cells are observed in the median
longitudinal optical section of mature wt embryos (Fig. 1E–
H). Optical reconstructions of transverse sections of the QC
(Fig. 1A–D) reveal that the four QC cells derived from the
upper hypophyseal daughter cell during early globular stage
(Scheres et al., 1994) can keep dividing, albeit slowly, to
form a four to eight-celled QC in the mature embryo. The
direction of these cell divisions is highly regulated, resulting
mostly in anticlinal cell walls (i.e. cell walls which are perpen-
dicular to the nearest root surface; Shishkova et al., 2008).
Only one in 88 Col-0 embryos analysed during this study
had a periclinal division within the QC (not shown).

Columella cells are located basally to the QC (Fig. 2).
Typically, as in the median longitudinal section shown in
Fig. 2D, the columella is neatly organized into four columns
and three tiers (T1, T2 and T3). The columella tier T1 is com-
posed of initial cells that, during late embryogenesis, have
undergone periclinal divisions. In mature embryos, some T1
cells have divided but not elongated (see examples in
Fig. 2B–D). In 43 % of the Col-0 mature embryos analysed
(n ¼ 88), T1 consisted of eight cells, four of which were une-
longated initials and the other four being their derivatives (as
in Fig. 2D). Because in the rest of the embryos T1 was com-
posed of both divided and undivided cells but both types
were maintained positionally within the same tier (as in
Figs 2A–C), in this study, T1 was considered to be
one-to-two-cell layered.

Compared with the typical Col-0 wt root cap organization, a
wide range of variation was observed, both in the other acces-
sions studied (Ler, Ws and RLD) and in the aux1 lax mutant
embryos (in Col-0, Ler, Ws and RLD accessions). In order
to quantify and interpret this variability, four qualitative cri-
teria regarding cellular organization (described below) were
identified that could be analysed in the median longitudinal
sections of each embryo. Both wt and aux1-related variations
were determined by evaluating each individual feature and
assigning a non-parametric value for any given embryo. In
Fig. 3, examples of the variability observed for each feature
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are shown both in the wt and the aux1 lax lines evaluated. The
four features analysed were the following.

(i) Degree of organization of the mature embryonic root apex into
columns and tiers. Every wt embryo examined from the Col-0
and Ws ecotype (n ¼ 98) showed a clear organization of the
embryonic root cap into columns and tiers (Figs 2 and 3A).
However, these embryos showed variability in the number of
columella cell columns and in the orientation of cell divisions
within the QC and columella tiers. In a minority of wt embryos
from the Ler and Rld ecotypes (two out of 20), there was some
degree of disorganization of root cap cells (compare C, E, G
and I with A in Fig. 3). This effect was also seen in a minority
of aux1 single mutant embryos (15 out of 249), and in these
mutant embryos the disorganization was more severe
(compare D with A in Fig. 3). In the aux1 embryos that
exhibit this extreme root cap phenotype it is difficult to

identify QC and columella boundaries based on cell position
(exemplified in Fig. 3D).

(ii) Deviation from the organization of QC cells as a single-cell
layer. With only one exception, all of the Col-0 wt embryos
analysed (n ¼ 88) showed exclusively anticlinal divisions
within the QC (Figs 1 and 3A). However, variations were
observed in the positioning of QC cell walls within embryos
from different accessions (as in Fig. 3E). Although ectopic
divisions within the QC were observed in both wt and aux1
embryos (Fig. 3E and 3F, respectively), it was impossible to
establish a boundary between QC, columella T1, and other
cell types in aux1 embryos with the more extreme phenotypes,
suggesting abnormal cell proliferation and/or aberrant cell spe-
cification (Fig. 3D).

(iii) Deviation from the organization of columella cells within T1
and T2 into single-cell layers. In Col-0 wt embryos, cell lineage

A B C D

E F G H

FI G. 1 Cellular organization of the radicle QC in Col-0 mature embryos. Stacks of longitudinal optical sections of Col-0 wt embryonic root apex were used to
analyse the pattern of QC cells (yellow) in transversal reconstructed sections (A–D) and median longitudinal sections of this region (E–H). (A, E), (B, F), (C, G)
and (D, H) pairs show each two optical sections from the same embryo. Transverse lines indicate the position of the corresponding perpendicular section, showing
that the two images correspond to median longitudinal and transversal sections (respectively) of the QC. These images show a four-to-eight-cell variation in the

QC (A–D), which is reflected in a two-to-four-cell variation in the median longitudinal section (E–H). Scale bars ¼ 10 mm.

A B C D

FI G. 2 Cellular organization of the columella in Col-0 mature embryos. The columella Tier 1 (T1), shown in orange, is located basally adjacent to the QC, and is
composed of cells which by the mature embryo stage were in different stages of expansion and periclinal division. (A–D) Wild-type variation in the number of T1
cells that have completed periclinal divisions within T1. This columella tier can comprise a single-celled layer with fully elongated initials (A), a double-celled
layer composed of four initials and their daughter cells (D), or any intermediate cell organization (B, C). The progeny of T1 cells that resulted from their periclinal
divisions form the basal layers of mature columella cells, typically organized into four columns and two layers by the mature embryo stage. Arrowheads indicate

the periclinal cell wall within T1. Scale bars ¼ 10 mm

Ugartechea-Chirino et al. — Role of AUX1 LAX during A. thaliana radicle development280



within the median longitudinal sections of TI and T2 can
typically be traced to the four columella initials, which have
undergone synchronized periclinal divisions resulting in single-
celled T2 and T3 layers. However, this synchronization was not
always tight, especially among embryos from RLD (Fig. 3G)
and Ler (not shown) accessions. While minor deviations from
this trait still maintain the overall T1 and T2 patterned cell
organization, some stronger variations can compromise the
establishment of columella boundaries (Fig. 3H).

(iv) Deviation from the organization of columella cells into four
columns. In order to evaluate columella organization into cell
columns, it was determined how many embryos from each
sample did not have T1 and T2 cells aligned into four
columns in the median longitudinal section (see examples in
Fig. 3I and J). T3 cells were excluded from this analysis
because a wide range of wt variation in the organization of
these cells was observed (data not shown). Out of the four
qualitative criteria evaluated, this is the most variable among
wt embryos. However, variations in this trait may not reflect
variation in the actual number of columns, but rather variation
in cell size or cell number resulting in variation in the number
of columns observed in the median longitudinal optical
section. It was reasoned, therefore, that aux1 embryos in
which T1 and T2 were not organized into four columns were
associated with lines in which root cap size and cell prolifer-
ation were altered.

The frequency at which embryos showed variations in these
four parameters was quantified within each line. Because each
parameter was assessed independently, the sum of abnormal-
ities quantified can be higher than the total number of
embryos analysed for each line, or than the number of
embryos showing deviations from the wt cell pattern.

Radicle apex cell pattern is variable between different
arabidopsis accessions

In order to interpret the aux1 lax effect upon the root tip cell
pattern, first it was evaluated whether the Col-0 radicle apex
organization was conserved in other accessions including
Ler, RLD and Ws (Table 1). While Col-0 and Ws are quite
similar to the root cap architecture described initially for
Col-0 embryos (Scheres et al., 1994), a higher degree of varia-
bility was observed in Ler and RLD embryos for all of the
traits evaluated. Chi-squared analyses between the four acces-
sions indicate that the number of embryos with ectopic div-
isions in the QC has the highest variability between

A B

C D

E F

G H

I J

FI G. 3 Parameters used for evaluation of the radicle apical organization and
variations observed in wt and aux1 embryos. (A) QC and columella organization
of the embryonic root median longitudinal section as described in Scheres et al.
(1994): QC single-cell tier (yellow), columella tiers T1 (orange), T2 (red) and T3
(brown). (B) Criteria applied to delimit the root cap area analysed to estimate
root cap size, root cap cell number and root cap cell area. The upper limit of
the measured area was established by a transverse straight line intersecting the
two meeting points between QC (asterisks), columella initials (arrowheads)
and cortex–endodermis initials (arrows). Cells that were at least 50 % inside
this area (dots) were included in the cell number and cell area analyses.
Variations in radicle apical organization in different accessions and aux1
alleles are shown on (C–J) to illustrate the four traits evaluated. The left panel
shows apices of the embryonic roots of various wt accessions (A, C, E, G, I)
and the right panel shows those of aux1 embryos (D, F, H, J). (C, D) Embryos

with abnormal radicle cap organization into columns and tiers: (C) wt embryo
with ectopic cell division within T2 (arrow) and minor deviations from cell
organization into columns and tiers (asterisks); (D) aux1 embryo in which the
patterned cell organization is lost, resulting in tier boundaries undefined
within the radicle apex; cells are not colour-coded as the pattern is not clearly
defined. (E, F) Ectopic cell divisions within the QC (arrows). (G, H) Ectopic
cell divisions within T1 and T2. (G) Wild-type embryo with ectopic divisions
in T2 (arrows). (H) aux1 embryo with ectopic division in T1 (arrow). In the
latter embryo columella boundaries are unclear and the surrounding cells have
abnormal elongation patterns (compare cells with asterisks in H with equivalent
lateral root cap cells in G). (I, J) Median longitudinal section showing deviations
from the four-cell-column structure in T1 and T2. Accession backgrounds: (A,

B, D, G), Col-0; (C, I), Ler; (E, F, H), Ws; (J), RLD. Scale bars ¼ 10 mm.
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accessions (P , 0.0005). The proportion of embryos with vari-
able root basal organization into columns and tiers, ectopic
cell divisions in T1 and T2, as well as with deviations from
the columella four-column arrangement, also varies signifi-
cantly (P , 0.05 for each trait). Examples of wt embryonic
variation in root cap cell organization are shown in Fig. 3A,
C, E, G and J.

In summary, significant differences between accessions in
the number of embryos showing the typical Col-0 wt radicle
apex cell pattern were observed. This wt variation indicates
that, while the highly organized root cap from the Col-0 acces-
sion reflects tight embryonic regulation of patterned cell div-
ision and cell growth, faultless regulation is not essential for
root cap development. These results also show that the
interpretation of embryonic root apex phenotypes must take
into account wt variation in the parental ecotypes.
Accordingly, in this study, each of the aux1 lax lines was com-
pared only with its respective parental accession.

Mutations in aux1 affect embryonic root cap organization, size,
cell number and area

In order to characterize the effect of the aux1 mutation on
root cap architecture a total of 141 single mutant embryos
from different aux1 alleles were analysed. These embryos
were divided into two groups, missense and null alleles,
according to the nature of the aux1 mutation. To facilitate
the analysis, random samples of embryos from different lines
which shared both the ecotype and the genetic effect of their
mutations (e.g. missense or null mutations) were pooled in
the same sample. Examples of radicle apex phenotypes
observed in aux1 embryos are shown in Fig. 3D, F, H and J.

Missense mutations in aux1 can result in abnormal embryonic
apical root cell pattern

To assess the effect of missense aux1 mutations on embryo-
nic root architecture embryos were analysed from lines repre-
senting 11 different alleles. All of these lines carry missense
point mutations whose positions and effects on seedling root
gravitropism had been analysed previously by Swarup et al.
(2004). First, it was investigated whether aux1 embryonic
defects correlated with specific point mutations within the
AUX1 sequence, but significant differences between missense
alleles from the same accession background were not found

(data not shown). Thus, in order to increase the statistical
robustness of this study, the embryo samples were pooled by
accession background and only samples from the two acces-
sions with less intrinsic wt variation, Col-0 and Ws, were ana-
lysed (see Table 1).

The missense allele that was analysed in the Col-0 back-
ground was aux1-7 (n ¼ 21; Pickett et al., 1990). Ten aux1
missense alleles in the Ws background (n ¼ 10 for each)
were also included: aux1-104, aux1-105, aux1-111,
aux1-112, aux1-113, aux1-114, aux1-116, aux1-117, aux1-11
and aux1-120 (Swarup et al., 2004). The embryonic root
apex characterization for these two samples is summarized
in Table 2.

In both the Col-0 and Ws aux1 missense samples embryos
were found, albeit a minority, in which root apex cells were
not organized into columns and layers (38 % and 3 % for
aux1 lines in Col-0 and Ws backgrounds, respectively). An
example of this phenotype is shown in Fig. 3D. The number
of embryos in which we observed this abnormality was only
significantly higher in the aux1 sample in the Col-0 back-
ground (Col-0 n ¼ 88; aux1 in Col-0 background n ¼ 21,
chi-squared P , 0.0005; Ws n ¼ 10; aux1 in Ws background
n ¼ 100, chi-squared P . 0.05). However, disorganization of
the apex was not observed, either in Col-0 or in Ws wt
embryos, which suggests that this is likely to be an aux1-
related phenotype with low expressivity.

In the aux1 missense sample, a significant increase was also
identified in the number of embryos with ectopic QC divisions
(see example in Figs 3E and IF; Col-0 wt vs. aux1 missense in
Col-0 background: chi squared P , 0.0005; WS wt vs. aux1
missense in Ws background, chi-squared P , 0.05) and in
the number of embryos in which T1 and T2 cells were not
aligned into four columns (see example in Fig. 3J, Col-0 wt
vs. aux1 missense in Col-0 background, chi squared P ,
0.005; WS wt vs. aux1 missense in Ws background, chi-
squared test P , 0.05). A significant increase in the number
of embryos with ectopic cell divisions within T1 and T2 was
only observed in the aux1 sample in the Col-0 background
(chi-squared P , 0.0005).

As proposed above, aux1-related variation in the number of
cell columns visible within T1 and T2 indicates an effect upon
the overall number of cells in the radicle apex. In order to
analyse whether AUX1 is involved in the regulation of cell
proliferation in the embryonic root tip, a region within the
root cap median longitudinal section was established which
could be delimited by visible landmarks both in the wt and
in the aux1 mutant embryos. In some embryos with extreme
aux1 phenotypes, the boundaries of the QC and columella
are not clear (see above). However, even in these embryos it
is possible to identify the cortex–endodermis initials posi-
tioned at each side of the QC, and these cells were used as
landmarks to delimit a root cap area to be analysed in all
embryos (Fig. 3B). In order to establish an upper limit that
would be comparable in all the analysed embryos, even in
those in which the boundaries of the columella are not clear,
the two points were used where QC, columella and cortex–
endodermis initials meet to position a straight line across the
root cap (Fig. 3B). To analyse embryonic root cap cell
numbers, all cells visible within this delimited area were
counted. Cells that were partially inside the selected area

TABLE 1. Number of wt embryos with variations in radicle apex
cell organization

Accession

Root apex not
organized into
columns and tiers

Ectopic cell
divisions in
the QC

Ectopic cell
divisions in
T1 and T2

T1 and T2 do
not form four
columns

Col-0 0/88 1/88 1/88 19/88
Ler 1/10 4/10 2/10 5/10
RLD 1/10 2/10 1/10 5/10
WS 0/10 2/10 0/10 0/10
P * ** * *

Significant differences between distributions in classes were determined
using chi-squared test: *P , 0.05; **P , 0.0005.
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were included if at least half of the visible cell was within this
area. Mean cell size was estimated by dividing the number of
cells within the selected root cap region by the measured area
of this region. The area selected for quantitative analysis
includes cells belonging to different tissues, ensuring that
any observed effects would reflect the whole radicle tip
rather than only one specific cell type. An alternative strategy
could have involved analysing only cells from one specific cell
type (i.e. cells with less inherent size variability), but this
would not have been possible in embryos in which abnormal
cell pattern makes it impossible to identify cell types using
only positional information.

Quantitative analysis of the embryonic root cap effect
associated with missense aux1 mutations (Fig. 4A–C) indi-
cated that the root cap areas (n ¼ 21 and n ¼ 100, respectively,
for aux1 alleles in Col-0 and Ws ecotypes) were significantly
larger than their wt controls (n ¼ 38 and n ¼ 10, respectively,
for wt Col-0 and Ws) (t-test P , 0.0005, both ecotypes). This
increase in root cap size is correlated with an increase in the
number of cells (t-test P , 0.05 and P , 0.0005, respectively),
and with an increase in the average area of the cells (t-test P ,
0.05, both ecotypes). These results are consistent with our
hypothesis that an increase in the number of embryos
lacking columella T1 and T2 organized into four columns
(as seen in median longitudinal section) is an indicative
feature of abnormal root cap size and cell number.

In summary, the aux1 missense mutations affected root cap
cell pattern, orientation of divisions in cell tiers, including QC,
T1 and T2, and the number of cell columns in the columella
that are aligned in the median longitudinal section. These
mutations were also responsible for increased root cap size,
and this effect was correlated with increases in the number
and size of cells within this zone.

aux1 mutations that result in nonsense-mediated mRNA
degradation have a subtle effect on embryonic root cap cell
pattern

The single mutants for aux1 missense alleles provided evi-
dence of the participation of AUX1 during the establishment
of embryonic root architecture. However, this effect was
subtle and it was expected that a stronger effect would be
found in aux1 null alleles. To investigate this further, a
group of previously characterized aux1 null alleles including
aux1-21 and aux1-22 (Col-0) (Roman et al., 1995; Swarup
et al., 2004) and wav5-33 (Ler) (Okada and Shimura, 1990)
was included. These lines carry point mutations that result in
premature stop codons, resulting in nonsense mediated
mRNA degradation (Marchant and Bennett, 1998). It was
reasoned that the lack of aux1 expression might result in a
higher penetrance of the phenotype lacking root cap cell
organization, and would help in elucidating the role of
AUX1 in cell proliferation. Embryos were grouped in two
samples according to their respective Col-0 and Ler accession
backgrounds. The Col-0 aux1 sample included the alleles
aux1-21 and aux1-22 (n ¼ 10 each) and the Ler aux1 sample
included the wav5-33 line (n ¼ 10).

Contrary to expectations, the Col-0 background null aux1
embryos developed a far more organized columella than their
missense counterparts (Table 2). One hundred per cent of
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embryos showed columella organization into columns and
layers without ectopic divisions within the QC and columella
tiers. The only significant qualitative difference between these
embryos and the corresponding Col-0 wt controls was an
increase in the number of embryos in which columella cells
were not organized into four columns (16 % for Col-0 and
45 % for aux1 lines in Col-0 background) (Col-0 n ¼ 38; aux1
in Col-0 background n ¼ 20, chi-squared test P , 0.05). This
effect on root cap cell pattern has been shown to be correlated
with variations in root cap size and the size or number of cells
within the root tip, rather than an aux1 effect upon cell organiz-
ation (see above). It was not possible to draw conclusions about
the effect of the aux1 mutation on root cap organization for the
null allele in Ler because of the high variability of the wt
control, combined with the small available sample size (not
shown). However, quantitative analysis of the root cap from
these two groups (i.e. null alleles in Col-0 and Ler) is consistent
with the aux1-related effect observed in the null allele in Col-0
(Fig. 4D–F) as shown below.

As anticipated, quantitative evaluation of the columella phe-
notype for the null alleles in the Col-0 and Ler backgrounds
(Fig. 4D–F) showed that the observed variation in root cap
organization is correlated with an increase in the measured root
cap area (t-test P , 0.0005 and P , 0.05 for the null alleles in
Col-0 and Ler, respectively). Furthermore, within the measured
area, only the individual cell area was significantly increased
(t-test P , 0.005 and P , 0.05 for each group, respectively),
while the number of cells was not significantly affected (t-test
P . 0.05, both groups), supporting the hypothesis that the
altered number of cell columns observed in the median longitudi-
nal sections of T1 and T2 indicated variations in the alignment of
cell files, in this case due to increased cell sizes.

In summary, the root cap cell patterning of aux1 null alleles
does not appear to be significantly affected. These embryos
differ from their wt counterparts only in root cap size and in
root cap mean cell area, and not in root cap cell number.

Taken together, the analyses of the aux1 missense alleles
and the aux1 null alleles indicate that AUX1 is involved in
the establishment of a patterned embryonic root cap and that
mutations in the aux1 gene result in variations in root cap
size, cell number and area. Interestingly, missense aux1
mutations result in a more pronounced effect on root cap
cell organization than null aux1 mutations in which the
mRNA is subjected to nonsense-mediated degradation. It is
possible that the absence of AUX1 triggers the redundant func-
tion of other related proteins, partially rescuing the aux1
mutant phenotype. Therefore, embryos carrying single and
multiple mutations in the close homologues aux1, lax1, lax2
and lax3 were examined.

Members of the AUX1 LAX family participate in the establishment
of embryonic root cap organization in a gene-redundant fashion

The comparison of the effects of mutations in AUX1 in lines
carrying missense alleles or null alleles suggested gene redun-
dancy. In order to determine whether the AUX1 LAX family
members have a redundant effect on radicle root cap organiz-
ation, the organization of cells in the embryonic basal root was
evaluated in lines carrying single mutations in aux1-21 (null),
lax1, lax2 and lax3 (Swarup et al., 2008), as well as in a

quadruple aux1-21 lax1 lax2 lax3 mutant line (Bainbridge
et al., 2008). All of these lines were generated in the Col-0
background.

As discussed above, the typical aux1-21 embryonic root cap
is highly organized (Table 2), and this is also the case for all the
lax1, lax2 and lax3 single mutant embryos (Table 2; n ¼ 10 for
each line). None of these embryos had undefined columns or
layers within the columella, or ectopic cell divisions within
the QC and columella T1 and T2 (except one out of ten lax3
embryos containing an ectopic cell division in T2). Variability
in the number of columns observed in T1 and T2 was found
in the wt control and in the mutant lines, but there was no sig-
nificant difference among them (chi-squared test P . 0.05).

The evaluation of cell organization in the radicle apex of the
quadruple mutant (aux1-21 lax1 lax2 lax3) embryos is sum-
marized in Table 2. The Col-0 and aux1-21 lax1 lax2 lax3
samples included the pooled embryos from two independent
experiments. When compared with the Col-0 wt sample (n ¼
88), a significant increase in the number of quadruple mutant
(aux1-21 lax1 lax2 lax3) embryos (four out of 68) in which
the organization of the QC and columella pattern was lost
(chi squared test P , 0.05) were found. There was also a sig-
nificant increase in the number of embryos with deviations
from the Col-0 wt cell organization in all the other qualitative
parameters assessed, including more embryos with ectopic cell
divisions in the QC and columella tiers (T1 and T2), and
abnormal numbers of cell columns within T1 and T2
(chi-squared test P , 0.05 for each parameter evaluated).
The ectopic cell divisions observed only in the multiple line
(i.e. not present in the single mutant aux1 lax embryos or in
the null aux1-21 embryos) (total n ¼ 40) resemble the aux1-
related effects observed in embryos with the missense allele
in Col-0 (n ¼ 21). These results are consistent with the hypoth-
esis of a gene-redundant effect between the AUX1 LAX family
on embryonic root cap cell pattern, which is favoured in the
null, rather than the missense aux1 single mutant alleles.

Quantitative analysis of the aux1 lax single mutant embryos,
shown in Fig. 4G–I, indicated that the mutations in aux1-21 and
lax2 genes result in an increased root cap area (Tukey’s post hoc
test P , 0.05). All of the lax1, lax2 and lax3 single mutant lines
showed significantly more cells in this area (Tukey’s post hoc
test for lax1 and lax2 lines, P , 0.05; for lax3 line, P ,
0.005). However, only in the lax2 line was this effect correlated
with a significant increase in average cell area (Tukey’s post hoc
test P , 0.05). Analysis of the quadruple mutant line (aux1-21
lax1 lax2 lax3) indicated that these embryos had significantly
larger root caps (t-test P , 0.0005) which correlated with sig-
nificantly larger cell areas (t-test P , 0.05), but not with an
increase in cell number (t-test P . 0.05). These results indicate
variation in the effects of single members of the AUX1 LAX
family on the embryonic root cap. They also indicate that
when all the aux1-21, lax1, lax2 and lax3 are mutated in the
same line, the effects on the root cap are stronger than in the
single mutants for these alleles and similar to those observed
for the missense alleles.

DISCUSSION

Auxin displays some morphogen characteristics during plant
developmental programmes because it establishes positional
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information crucial for pattern formation (Bhalearo and
Bennett, 2003; Benkova et al., 2009). Active distribution of
this plant hormone during embryogenesis is a key regulator
during embryonic root development. Previous studies have
focused mainly on the dynamic expression of the PIN family
and on the antagonistic participation of its members with
PGP in the process of establishing auxin gradients that
provide cells with positional information to establish the
embryonic shoot and root apical meristems (Steinmann
et al., 1999; Aida et al., 2002; Friml et al., 2003; Blilou
et al., 2005; kshe et al., 2008; Mravec et al., 2008). Here it
is demonstrated that mutants of AUX1 LAX gene family
display abnormal phenotypes in the embryonic root organiz-
ation, which provides evidence that carrier-mediated auxin
influx is required for the establishment of the cell pattern in
the radicle apex. The results indicate that mutations within
this protein family can result in abnormal embryonic QC and
columella cell organization. aux1 lax mutant lines also have
embryos with increased cell proliferation resulting in larger
root caps, a feature that correlates with significant increases
in columella cell size, cell number or both. Therefore, novel
evidence is provided for the requirement of active auxin
influx, in addition to the distribution of auxin directed via
the PIN and PGP proteins, in order to control the relationship
between cell division and cell expansion, as well as directional
orientation of cell growth and division during embryonic root
meristem establishment.

Active auxin influx is required during embryonic root apical cell
pattern establishment

So far, the characterized mutations affecting embryonic root
cap pattern either impact on QC positioning by disrupting
establishment of the hypophysis or by affecting proliferation
of specific subsets of initials. In the case of the aux1 lax
mutant embryos, the RAM is positioned correctly (as inter-
preted by cell position), but cell proliferation, as well as cell
wall positioning, is abnormal in the QC, columella initials
and columella differentiated cells (i.e. derivatives of columella
initials formed during late embryogenesis). Although attention
was focused only on these cell types, the presence of abnor-
mally shaped lateral root cap cells (exemplified in Fig. 1F)
suggests that the mutant phenotype was not restricted to
these cell types. QC position and cell proliferation are regu-
lated by a root apical auxin maximum established by regulated
temporal and spatial expression of the PIN proteins (Sabatini
et al., 1999; Steinmann et al., 1999; Aida et al., 2002; Friml
et al., 2003; Blilou et al., 2005). The auxin-dependent
process necessary for correct hypophysis specification and
establishment of the QC position requires the concerted
action of the GRAS family transcription factors SHR and
SCR (Sabatini et al., 2003; Aida et al., 2004) and non-cell
autonomous signals regulated by the interaction of the auxin-
responsive transcription factors MP/ARF5 and BDL/IAA12
(Hamann et al., 2002; Hardtke et al., 2004; Weijers et al.,
2006; Ploense et al., 2009). Stem cell niche maintenance
involves action of RBR and WOX5 downstream of SCR
(Wildwater et al., 2005; Sakar et al., 2007; Song et al.,
2008) in parallel with members of the AP2 family of transcrip-
tion factors PLT1, PLT2, PLT3 and BBM (Aida et al., 2004;

Blilou et al., 2005; Galinha et al., 2007). However, once the
QC is established, the mechanism responsible for cell cycle
regulation in these cells, which are characterized by lower pro-
liferative activity than the surrounding initials, is not yet
understood. QC cell division orientation is correlated with
post-embryonic maintenance of closed and open organization
of the root meristem (Groot et al., 2004). Orientation of the
cell plate is better understood in the root cap/protoderm initi-
als, where the nuclear NAC domain proteins FEZ and SMB
antagonistically interact to regulate alternation between forma-
tive and proliferative divisions and to regulate root cap cell
proliferation (Willemsen et al., 2008). The present analysis
demonstrates that transverse cell divisions within the upper
descendants of the hypophysis are rare in Col-0 wt embryos
but they are relatively common in embryos from other acces-
sions, especially in Ler background, where overall organiz-
ation of the columella cells is variable. aux1 missense
mutant lines in Col-0 background and aux1 lax1 lax2 lax3
quadruple mutants (also in Col-0) include embryos that
develop QC cells with periclinal and/or oblique ell divisions,
implicating auxin influx in the regulation of orientation of
cell division.

Previous analysis showed that aux1-22 mRNA is subjected
to nonsense-mediated degradation (Marchant and Bennett,
1998), while the missense aux1 alleles produce loss of func-
tion or partial loss of function aux1 proteins. Furthermore,
the Col-0 allele analysed (aux1-7) has been demonstrated to
be translated and transported properly to its wt cellular
location during post-embryonic root development (Swarup
et al., 2004). Contrary to expectations, the null aux1 mutants
(including aux1-22), did not have the ectopic cell divisions
within the QC and columella that were present in the missense
aux1 embryos. However, when a quadruple mutant line con-
taining the null aux1-22 in a lax1 lax2 lax3 background was
analysed these ectopic cell divisions were found. These
results indicate that the AUX1 LAX genes can influence cell
patterning redundantly in the embryonic root apex. A possible
implication of the present results is that the redundant rescue of
the aux1 phenotype by the LAX1, LAX2 and LAX3 gene pro-
ducts requires substantially lower levels of aux1 mutant
protein than the levels observed in aux1-7, which could indi-
cate that aux1-7 interferes with LAX protein function or that
lack of AUX1 triggers ectopic expression of the LAX homol-
ogues. The expression of AUX1 LAX gene family during
embryogenesis has not been characterized, and its analysis is
necessary to understand further the functional relationships
within this family during embryonic root cell pattern establish-
ment. However, these results are consistent with a redundant
role for the AUX1 LAX proteins, previously demonstrated
during the stabilization of shoot phyllotactic pattern
(Bainbridge et al., 2008).

The AUX1 LAX influx facilitators participate in the regulation of
root-cap cell proliferation

Embryos from all of the lines analysed, including aux1 mis-
sense and null alleles, lax1, lax2 and lax3 single mutants and
aux1 lax1 lax2 lax3 quadruple mutant, had significantly larger
root caps than the wt controls (Fig. 4G). This aux1 lax effect
was correlated with an increase in columella cell size,
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columella cell number or both, providing evidence that auxin
influx via the AUX1 LAX carriers participate in the regulation
of embryonic root cap cell proliferation. Recently, studies of
BBM target genes provided evidence of a pathway relating
auxin-regulated master regulator activity to a complex
network of developmental pathways associated with cell pro-
liferation and growth (Passarinho et al., 2008), but the direct
effect of auxin on cell expansion during embryogenesis has
not yet been addressed. However, experiments in tobacco
leaves and tobacco BY2 cells have demonstrated that auxin
induces cell expansion in a dose-dependent manner by indu-
cing ion flux modifications through the plasma membrane,
hence modifying activity of Hþ transporters (Napier et al.,
2002; Chen et al., 2001a, b; Rober-Kleber et al., 2003). This
modifies cell wall extensibility by regulating apoplastic
acidity (Funke and Edelmann, 2000; Vissenberg et al., 2001;
Hager, 2003; Rober-Kleber et al., 2003; Li et al., 2005). In
tobacco cells, localized auxin has also been shown to induce
microtubule reorientation in order to promote cell elongation
at the opposite side of the cell (Vissenberg et al., 2001).
Another auxin-related mechanism to control cell volume acts
by regulating the duration of G1 and G2 cell cycle phases.
Auxin acts at two checkpoints controlling the transitions to
S and M phases. Studies on synchronized tobacco cells have
demonstrated that by blocking ABP1 (auxin binding protein
1) activity at the S checkpoint, cells grow more than the
untreated controls because the G2 phase is extended. On the
contrary, ABP1 inactivation at the M checkpoint results
in inhibition of post-mitotic cell expansion and
de-synchronization of cell growth with cell division (Chen
et al., 2001a, b; David et al., 2007). It is possible that an
impairment in auxin influx via the AUX1 LAX carriers
results in a temporal increase in the free auxin available in
the apoplastic space, which in turn induces cell expansion.
Interestingly, in the null alleles which maintain wt QC and
columella cell organization, an increase in root cap area is cor-
related only with an increase in root cap cell number, whereas
in the missense and mutant alleles (in which some of the
embryos had ectopic QC and columella cell divisions), an
increase in root cap area is correlated both with an increase
in root cap cell number and with root cap cell area. These
results suggest that the co-ordination of embryonic root cap
cell expansion and cell division may be regulated by two inde-
pendent mechanisms. While a reduction in auxin influx could
result in extra apoplastic free auxin capable of inducing cell
expansion in all the aux1 missense and aux1 null lines, the
redundant effect of the LAX homologues could be sufficient
to maintain wt cell division plate orientation of QC and colu-
mella cells.

Carrier-driven auxin influx is required during radicle meristem
development

There is no previous evidence for the requirement of carrier-
driven auxin influx during embryogenesis. According to the
chemiosmotic model, protonated auxin can permeate freely
into cells (Kramer and Bennett, 2006), but it is deprotonated
in the cytoplasm making necessary the local permeabilization
of the membrane by PIN and PGP (Chen et al., 1998;
Luschnig et al., 1998; Petrasek et al., 2003, 2006; Geisler

et al., 2005; Bouchard et al., 2006; Blakeslee et al., 2007,
Grieneisen et al., 2007) to facilitate auxin efflux. During
developmental processes where steep auxin gradients are
necessary, auxin influx mediated by the AUX1 LAX family
is necessary to prevent passive diffusion of the gradients gen-
erated via auxin carrier-driven efflux (Kramer, 2004, 2008;
Swarup et al., 2005; Kramer and Bennett, 2006). Active
auxin influx by members of the AUX1 LAX family has
been proven to be required during post-embryonic develop-
mental events such as root gravitropic response, lateral root
emergence and phyllotaxis (Swarup et al., 2005, 2008;
Bainbridge et al., 2008). Here, evidence is presented for a
novel participation of the AUX1 LAX family of auxin influx
carriers that are required, in addition to polar efflux facilitators,
during embryonic root development. We propose a possible
scenario in which rapid auxin influx mediated by the AUX1
LAX proteins limits the availability of free apoplastic auxin,
thereby inhibiting uneven induction of columella cell expan-
sion. Simultaneously, the AUX1 LAX family members stabil-
ize redundantly the auxin gradients required for correct
orientation of cell division within the QC and columella
cells and inhibit cell division in the QC and the columella
daughter cells. Future characterization of the embryonic
expression patterns of the AUX1 LAX members and their
genetic interaction with the rest of auxin-dependent patterning
machinery will be important for the understanding of pro-
cesses such as de novo meristem establishment and the
co-ordination between cell division and cell expansion
required for root cap cell pattern establishment.
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