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† Background The crucial role of roots in plant nutrition, and consequently in plant productivity, is a strong motiv-
ation to study the growth and functioning of various aspects of the root system. Numerous studies on lateral roots, as a
major determinant of the root system architecture, mostly focus on the physiological and molecular bases of devel-
opmental processes. Unfortunately, little attention is paid either to the morphological changes accompanying the for-
mation of a lateral root or to morphological defects occurring in lateral root primordia. The latter are observed in some
mutants and occasionally in wild-type plants, but may also result from application of external factors.
† Scope and Conclusions In this review various morphological aspects of lateral branching in roots are analysed.
Morphological events occurring during the formation of a typical lateral root are described. This process involves
dramatic changes in the geometry of the developing organ that at early stages are associated with oblique cell divi-
sions, leading to breaking of the symmetry of the cell pattern. Several types of defects in the morphology of primordia
are indicated and described. Computer simulations show that some of these defects may result from an unstable field
ofgrowth rates. Significant changes in both primaryand lateral root morphology mayalso be aconsequence of various
mutations, some of which are auxin-related. Examples reported in the literature are considered. Finally, lateral root
formation is discussed in terms of mechanics. In this approach the primordium is considered as a physical object
undergoing deformation and is characterized by specific mechanical properties.

Key words: Lateral root formation, plant organ morphology, arabidopsis mutant, growth rates, mechanical stress
distribution.

INTRODUCTION

The extent of the root system determines the volume of soil avail-
able for absorbing water and the nutrients required for the growth
of a plant. The root system is also responsible for anchoring a
plant in the stratum, thus securing the upright position of the
plant and affecting its mechanical resistance to environmental
factors such as wind (Kramer and Boyer, 1995). Plant develop-
ment, productivity (Lynch, 1995) and overall fitness are then de-
pendent on the optimal root system architecture. As lateral
branching is the major determinant of this architecture, lateral
roots are important to the success of plants.

Investigating lateral root development is obviously of great
significance from the point of view of economics. In fact,
within the last decades much progress has been made in studies
on the formation and functioning of the lateral roots; however,
most of these studies concern molecular and cellular processes
and the role of genes in their regulation (recently reviewed by
Fukaki et al., 2007; Péret et al., 2009a, b; Laskowski, 2013).
Unfortunately, very little attention has been paid to the morph-
ology of lateral root development, although knowing this morph-
ology is essential for understanding more about the process of
root system branching. From this perspective, research on the
natural change of form during lateral root development can be
helpful. Studies of morphologically altered lateral root apices
in both wild-type plants and mutants defective in lateral root for-
mation might provide insight into the regulation of growth and
cell expansion during lateral root morphogenesis and might
enable analysis of a possible change in the direction and/or rate
of growth in such apices.

My objective in this review is to bring together and to consider
studies that have looked at developmental changes in lateral root
morphology in order to understand better the process of lateral
root development.

THE ROOT SYSTEM AND ITS MOST IMPORTANT
REGULATORS

Root systems show significant morphological diversity (reviewed
in Hodge et al., 2009), which suggests their high specification
and adaptation to various environmental conditions. In dicots
and in some monocots the root system consists of a primary root
with lateral branchings developing mostlyat right angles from peri-
cycle cells. The longitudinal arrangement of the lateral root prim-
ordia in various species reveals a high degree of regularity. The site
of new primordium initiation is strongly associated with the organ-
ization of the vascular system (Barlow, 1984). In diarch roots the
primordia are initiated in acropetal order in alternating left and
right arrangement, although the developmental sequence of con-
secutive lateral root formation is not strictly acropetal since, once
initiated, some primordia may develop more slowly or even
become arrested in development, as was observed in arabidopsis
(Dubrovsky et al., 2006) and tomato (Barlow and Adam, 1988).

The development and functioning of lateral roots, and conse-
quently the root system, depend stronglyon the culture and envir-
onmental conditions. Their effects on root system architecture
have been recently described in a number of reviews [e.g. nutri-
ent availability (López-Bucio et al., 2003; Zhang et al., 2007;
Niu et al., 2013); abiotic and biotic stresses (Nibau et al.,
2008); symbiotic interactions (Gruber et al., 2011)]. Root
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architecture is also sensitive to external mechanical signals such
as a high level of soil compaction (e.g. Iijima and Kono, 1991;
Grzesiak, 2009) or contact with a physical barrier to growth
(Richter et al., 2009). The effects of mechanical factors on root
system architecture have been relatively widely studied but are
not considered in detail here; the problem requires a separate
review.

ORIGIN AND MORPHOLOGICAL CHANGES OF
THE DEVELOPING LATERAL ROOT

Steadily growing mature plant organs such as root and shoot
apices usually preserve their form during growth under stable
conditions (Hejnowicz and Karczewski, 1993). Unlike the
primary root and shoot apices, which originate at the ends of
the embryonic plant axis, lateral roots have an endogenous
origin and are initiated postembryonically. In general, lateral
roots originate from a small number of the founder cells of the in-
ternal tissue of the parental root, usually in the pericycle, al-
though in ferns they are derived from endodermis while in
some species of water plants they are derived from both pericycle
and endodermis (Cutter, 1971; Lin and Raghavan, 1991; Clowes,
1992). In each case, however, their development involves a con-
tinuous change of form.

Lateral root formation and functioning are nowadays studied
intensively in arabidopsis, which has become a model plant
because of its simple anatomy. Initiation takes place a short dis-
tance from the root tip (Dubrovsky et al., 2000; Beeckman et al.,
2001). The primordia are formed exclusively in the pericycle
cells opposite to the xylem poles, so that in diarch arabidopsis
roots two files of laterals are produced (Schiefelbein and
Benfey, 1994). In lhw mutants, in which the diarch organization
is lost, the number of lateral roots is reduced to half as many as in
wild-type plants and this is accompanied by the formation of all
lateral roots on one side of the primary root (Ohashi-Ito and
Bergmann, 2007; Parizot et al., 2008).

Only a limited number of xylem pole pericycle cells gain the
identity of founder cells (Péret et al., 2009a), and the mechan-
isms of their specification are as yet unknown (de Rybel et al.,
2010). In this regard, it has been shown recently (Dubrovsky
et al., 2011) that pericycle cells are most likely to become
founder cells in the auxin-minimum zone of the primary root.
The founder cells are specified in the region characterized as a
‘developmental window’ (Dubrovsky et al., 2011) and located
between the basal meristem, i.e. the region between the meristem
and the elongation zone, and the distal differentiation zone
(Benková and Bielach, 2010; de Smet, 2012). Soon after specifi-
cation they undergo auxin-dependent activation to start dividing.
After a series of anticlinal divisions, a periclinal division takes
place, leading to the formation of two cell layers (Malamy and
Benfey, 1997). Initiation, comprising the events described
above, is followed by new meristem formation, accompanied
by establishment of the lateral root organization (Celenza
et al., 1995; Laskowski et al., 1995). At subsequent stages a coor-
dinated sequence of periclinal and anticlinal divisions occur
(Malamy and Benfey, 1997). Some recent observations (Lucas
et al., 2013) indicate that the programme of cell divisions may
vary among individual primordia. The cellular organization of
the developed lateral root apex is similar to that of the main
root apex. Such a typical cellular organization, with a pattern

of mutually orthogonal periclines and anticlines formed by the
cell walls (von Sachs, 1887) and, with the quiescent centre sur-
rounded by initials in the apical part of the forming lateral root,
occurs before the primordium emerges over the parent root
surface (Malamy and Benfey, 1997).

The continuous development of the cell pattern is accompan-
ied by continuous changes in primordium morphology. During
the first divisions of the founder cells the new walls are inserted
in anticlinal planes (Casimiro et al., 2001, 2003), which does not
change the local geometry as the primordium-to-be now has the
form of an arched area comprising one-half the circumference of
the pericycle (Sussex et al., 1995). Further periclinal divisions
leading to formation of the subsequent cell layers of the primor-
dium are accompanied by the formation of a small protrusion.
The cells in the flanks either do not divide or soon stop dividing
so the protrusion develops in the central part (developmental
stages II and III according to Malamy and Benfey, 1997).
With further growth the convexity of the protrusion becomes
more pronounced and a small dome-shaped organ develops
(stages IV–VI; Péret et al., 2009a). Depending on the stage of de-
velopment, the dome is more or less flattened, but observed in the
axial section its apical part demonstrates mirror symmetry with
reference to the axis. The organ elongates to finally reach a
form typical of roots: its apical part attains the shape of a dome
while the central part is more or less cylindrical (see Fig. 1 in
Péret et al., 2009b). Moreover, the apical part usually preserves
rotational symmetry in relation to the organ axis, as happens in
the case of the main root (Dolan et al., 1993; Hejnowicz and
Karczewski, 1993; Scheres et al., 2002; Nakielski, 2008).

Interestingly, the base of the lateral root, in the location where
it is attached to the parental root, is elongated along the parental
root axis, which results in its oval shape in frontal view (J.
Szymanowska-Pułka and M. Lipowczan, unpubl. res.). This is
probably a consequence of the origin of the primordium
founder cells, i.e. the group of two or three xylem-pole pericycle
cells that occupy the area elongated longitudinally (Casimiro
et al., 2003). The early primordium base (Dubrovsky et al.,
2001; Benková et al., 2003; Kurup et al., 2005) and the base of
the developed lateral root form an ellipse-like figure, of which
the long diameter/short diameter ratio varies among individual
organs (J. Szymanowska-Pułka and M. Lipowczan, unpubl.
res.). As the apical part of the lateral root is circular in its cross
section, a change of geometry occurs along the lateral root axis.
Such a change takes place at the early developmental stages by
transition from bilateral to the radial symmetryof the primordium
(Lucas et al., 2013).

ANATOMICAL EVENTS ACCOMPANYING THE
CHANGE OF GEOMETRY

The above-described changes in primordium morphology are ac-
companied by specific anatomical events. As mentioned in the
previous section, the flanking cells of the newly initiated primor-
dium either do not divide or undergo a few transverse divisions
(Malamy and Benfey, 1997), while the central cells of the primor-
dium divide both periclinally and anticlinally, which leads to its
expansion. From the early stages on both sides of the primordium
axis oblique anticlinal cell divisions occur, which breaks the sym-
metry of the existing cell pattern and supports the formation of a
dome-shaped protrusion. Numerous obliquely oriented division
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walls were also observed in young radish lateral root primordia,
where they resulted in the formation of cuneiform cells (Blakely
et al., 1982) and led to the changed geometry of the primordium
(Szymanowska-Pułka and Nakielski, 2010). In arabidopsis such
divisions first appear at stage II, when the primordium consists
of two cell layers (Malamy and Benfey, 1997). At later stages,
oblique divisions become more frequent and the cells located
near the axis become elongated and sharply pointed towards
the apical part due to the elongation of the primordium
(Szymanowska-Pułka et al., 2012). These events, leading to the
formation of a dome-shaped lateral root apex, can be observed
in its axial plane. Also, from the early stages of development the
primordium undergoes radialization (Lucas et al., 2013), which
means that in the tangential plane its shape changes from elliptical
to radial. The events allowing the establishment of radial sym-
metry take place in daughter cells of the pericycle founder cells.
The central group of these cells divide in periclinal and anticlinal
planes, adjusting to the existing cell pattern, while the flanking
cells undergo oblique divisions that result in the formation of a
ring of cells around the central group. At the same time the prim-
ordium increases in width (Lucas et al., 2013), which causes a de-
crease in the long diameter/short diameter ratio towards the apex
(J. Szymanowska-Pułka and M. Lipowczan, unpubl. res.) and
results in the ellipse-to-round transition.

Although formation of the lateral root in arabidopsis has been
relatively well described and we know how the anatomical events
affect the change of form during development, it is still not
known why new directions of cell division are introduced. We
may only hypothesize that a local change in growth develops
in the region of lateral root formation; this will be discussed in
another section.

THE BOUNDARY REGION

Another specific feature of the cell pattern of the developing
primordium is a distinct separation from the parental root
through the presence of strongly marked external walls of the
flanking cells appearing at stage III and visible during further
development (Szymanowska-Pułka et al., 2012). It has been
shown (de Smet et al., 2008) that the membrane-localized
receptor-like kinase ACR4, which is responsible for promoting
the first formative divisions in the pericycle, also plays the key
role in repressing the divisions in these flanking cells in arabi-
dopsis. At early stages of primordium formation the pericycle
cells of acr4 crr3 double mutants undergo increased cell divi-
sions and as a consequence the primordium boundaries are
not clearly defined (de Smet et al., 2008). Thus, the non-
dividing flanking cells in wild-type plants may assume the
status of border cells. Our observations (Szymanowska-Pułka
et al., 2012) indicate that in young lateral roots whose apices
have emerged over the parent root surface the cells in the
flanks in the basal region become abnormally large and very
often their walls are curved outward. These cells are situated
in the area where the lateral root’s outline forms the strongest
curvature, which might suggest that they undergo a local
compression.

In the course of primordium development the regularity of
the cell pattern is lost in the boundary region, i.e. the smooth
pattern of periclines and anticlines becomes strongly perturbed
(Szymanowska-Pułka et al., 2012). Distinct perturbations in

the cell pattern at the basal part of the primordium occur in
the puchi-1 mutant (Hirota et al., 2007), in which the number
of cells in this region is increased, especially along the
apical–basal axis of the parent root. The feature has been attrib-
uted to a mutation in the auxin-regulated AP2/EREBP gene
PUCHI, encoding a putative APETALA2/ethylene-responsive
element binding protein transcription factor. The redundant
divisions and pronounced disturbance in the cell division
pattern result in swelling of this region in the puchi-1 lateral
root. This suggests that PUCHI is required for the coordinated
pattern of cell divisions in the primordium and may control the
morphology of the forming lateral root in arabidopsis (Hirota
et al., 2007).

Shuai et al. (2002) observedb-glucuronidase (GUS) activity at
the junction between the primary root and lateral root primordia in
a ring of cells localized at the base of the lateral root in both the
ET22 enhancer trap line and pLOB5.0::GUS transformants.
Expression was maintained in the region in fully developed
lateral roots. The LATERAL ORGAN BOUNDARIES (LOB)
gene encodes a plant-specific protein of unknown function;
however, the authors suggest that a possible function of genes
expressed in such a pattern is to define a boundary between the ini-
tiating organ primordia and the stem cells from which they are
derived. Such a definition of a boundary between the lateral root
primordium and the mother root cells is probably important for
maintaining the integrity of the stem cells and the initiating
organ primordium (Shuai et al., 2002). Similar results were
reported by Prasad et al. (2005), who observed GUS activity at
the primary and lateral root junctions of pLOJ::GUS transgenic
plants. The LOJ (LATERAL ORGAN JUNCTIONS) gene
belongs to a class of genes encoding proteins containing a
highly conserved pentatricopeptide repeat, designated the PPR
domain. Transcript analysis revealed that the expression of the
gene is specifically restricted to the lateral organ junctions
throughout the life of the plant. Analysing the expression of PIN
in lateral roots, Benková et al. (2003) observed expression of
PIN6 at the base of lateral root primordia from the earliest stages
of development. At later stages, when a protrusion had been
formed, expression was detected exclusively in the primordium
margins in the form of a ring around its base. In the
proPUCHI2.5:GUS line, in which GUS staining was detected at
the periphery of the lateral root primordium at the early develop-
mental stage and shortly thereafter, the domain of GUS expression
formed a ring that marked the proximal region of the primordium
(Hirota et al., 2007).

The examples described above show that a number of genes are
involved in ‘separation’ of the lateral branching from the parent
root. The border cells may play an essential role in determining
the identity of the lateral organ, which is why their identification
remains a key, although still open, question.

ATYPICAL MORPHOLOGY IN ARABIDOPSIS
LATERAL ROOT PRIMORDIA

In spite of the fact that the shape of the lateral root primordium is
regarded as highly regular (Lucas et al., 2013), some of our
recent observations (J. Szymanowska-Pulka et al., unpubl.
res.) on the morphological features of lateral roots of arabidopsis
have revealed significant deviations from the regular form of a
dome in young primordia (18.9 % of the 756 analysed). The
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most frequent cases of atypical geometry (11.5 %) concern the
lack of symmetry in the shape of the apex (Fig. 1A), which is
probably a result of unequal growth on the two sides of the
organ axis. Some primordia (4.1 %) have a significantly flattened
surface (Fig. 1B), which means that although the protrusion has
been formed it does not take the shape of a dome, but of a plateau.
Other primordia (2.1 %) show a fusiform (spindle-like) form
(Fig. 1C), which is usually associated with vascular bundles
buckled towards the axis. A possible reason for the buckling is
mechanical pressure exerted by the primordium on the
bundles. A very specific feature observed in a few (1.2 %)
young lateral roots is an unnatural ‘pocket’ formed at the base
and visible either on one side (Fig. 1D) or on both sides (not
shown) of the primordium in axial view. When the pocket
occurs on one side the whole primordium is often deformed in
a way suggesting unequal growth, which results in the lack of
symmetry and resembles the case shown in Fig. 1A. Irregularly
shaped lateral root primordia in wild-type arabidopsis seedlings
were also reported by Benková et al. (2003), who observed a few
such cases (6 % of the 91 analysed), although the character of the
morphological changes was not specified.

The abnormal morphological features were usually observed
in primordia that had not emerged over the parent root surface,
which might suggest that the primordium shape was affected
by the overlying tissues of the parent root. This supposition
was confirmed by Lucas et al. (2013), who obtained the arabi-
dopsis J0631..axr3-1 line, which failed to form normal-
shaped primordia due to altered (reinforced) mechanical proper-
ties of the overlying tissues.

MORPHOGENETIC RESPONSE OF THE ROOT
APEX TO EXTERNAL STIMULI

The organization and morphology of the root apical meristem
undergo natural changes during the root growth cycle (Rost,
2011). Yet they may also be altered in both primary and lateral
roots by various external factors, which may be chemical or mech-
anical. Roots of Zea mays and Pisum sativum exposed to environ-
mental pollutants exhibit destruction of the rhizodermis and the
outer layers of the cortex as well as significant deformation of
lateral root primordia (Kummerová et al., 2013). Arabidopsis
roots treated with the phytotropin CPD (2-carboxyphenyl-3-
phenylpropane-l,2-dione) lose the typical cellular organization
of their apices (Ruegger et al., 1997). Various kinds of abiotic
stresses may induce morphogenetic responses in roots, such as
decreased elongation, increased elongation or abnormal root
branching. Some of these morphological changes are correlated
with altered auxin distribution (Potters et al., 2007).

Roots of various species subjected to directed mechanical
stimulus show reduced elongation associated with radial expan-
sion (Bengough, 1997, 2012), altered cell size and number and
enhanced lateral branching (Wilson et al., 1977; Goss and
Russell, 1980). A high level of soil compaction changes the
general shape of roots from circular to flattened (Lipiec et al.,
2012) and causes them to swell radially (Atwell, 1988).
Application of mechanical impedance to the root apex may
result not only in its deformation but also in a change of meristem
organization from closed to open (Potocka et al., 2011), or in
enhanced activity of meristematic cells (Iijima et al., 2003).
Mechanical impedance was shown to alter the auxin response in

A B C D

FI G. 1. Examples of the most characteristic types of lateral root primordium deformation in wild-type arabidopsis seedlings. (A) Lack of symmetry in relation to the
primordiumaxis. (B) Flattened surface. (C) Spindle-like form. (D) A pocket formedat the primordiumbase. Notice that the vascular bundlesbend towards the main root
axis in (A–C). Insets in the upper left corners are schematic representations of each type of deformation. (A, B) Phase contrast; (C, D) Nomarski contrast. Scale bar ¼

20 mm.
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arabidopsis roots (Okamoto et al., 2008), which may suggest a
possible role of this hormone in mechanical signal transduction.
Most of the examples cited above refer to changes in primary
roots in response to a mechanical factor. This effect on lateral
root morphology is poorly investigated, probably because of tech-
nical difficulties connected with the small dimension of this organ
and its localization within the tissues of the parental root.

SOME MUTATIONS ALTER ROOT APEX
MORPHOLOGY

Aberrant morphology of root apices may also result from various
mutations (overviewed in Table 1). Most studies on arabidopsis
mutants defective in root growth and development concentrate
on morphological features of the primary root. These mutants
often exhibit a shortened primary root (Benfey et al., 1993,
Cruz-Ramı́rez et al., 2004), which happens to be accompanied
by radial swelling of the whole root (Holding et al., 1994) or
only its apical region (Benfey et al., 1993). In some cases the
reduced length results froma reduction in the size of the elongation
zone (Ingram et al., 2011) or even from a loss of meristematic and
elongation zones (Benfey et al., 1993). Morphological defects

occurring in the root cap relate either to its reduced dimensions
(Holding et al., 1994) or to its abnormal morphogenesis (Eapen
et al., 2003). Some of these mutations cause a significant decrease
in the growth rate of roots (Baskin et al., 1992; Ruegger et al.,
1997), while others may result in the complete cessation of
growth (Benfey et al., 1993; Holding et al., 1994).

A number of mutations cause similar morphological defects in
lateral roots. In the group of mutants identified by Benfey et al.
(1993), lateral roots exhibited atypical expansion. Cheng et al.
(1995) isolated a group of rml (root meristemless) mutants in
which early arrest of growth and lack of a meristem in either the
primary or the lateral root were observed. Growth arrest in the
latter resulted in the formation of nodule-like structures consisting
of proliferating pericycle cells. Of the large group of pin mutants,
inwhich the distributionof auxin in plant organs isaltered (Křeček
et al., 2009), lateral root primordia with irregular shape were
observed relatively often (29 % of all cases) in pin1 mutants
(Benková et al., 2003), while in the triple pin2,3,7 mutant a
number of lateral roots that formed adjacent to one another or
that fused at the base were present (Laskowski et al., 2008). A
similar effect of formation of fused lateral roots was observed in
a group of arabidopsis lines defective in response to auxin (de

TABLE 1. Overview of arabidopsis mutants that exhibit altered root morphology

Mutants Phenotypes and morphological defects References

rsw1, rsw2, rsw3 Radially swollen PR tip at higher temperature Baskin et al., 1992
reb1-1, reb1-2 Radially swollen PR epidermal cell layer
stp1 Decreased PR growth rate
shr Short PR, ceased PR growth, large number of secondary roots at PR/hypocotyl junction,

lack of meristematic and elongation zones, missing internal root cell layers
Benfey et al., 1993

cob, lit, sab Expanded apical part of PR, abnormal root cell expansion in LR
1767 Shorter PR, reduced cellular elongation Holding et al., 1994
4792 Shorter radially expanded PR, swollen cells, increased number of cells in all tissues
5905 Shorter radially expanded PR, swollen cells in all tissues, reduced cellular elongation
7133 Swollen epidermal and cortical cells of PR
7203 Short PR, ceased PR growth, lack of endodermal cell layer, reduced RC
alf3-1 Defect in LR maturation, disturbed cellular organization in LR primordia Celenza et al., 1995
alf4-1 Defect in LR initiation
rml Lack of RAM, deformed nodule-like LR primordia Cheng et al., 1995
tir3 Reduced LR number, reduced PR elongation Ruegger et al., 1997
hbt Disturbed cellular organization of RAM and RC Willemsen et al., 1998
nhr1 Enhanced root waving, abnormal RC morphogenesis Eapen et al., 2003
pin1 Reduced LR number, irregular shape of LR primordia Benková et al., 2003
rrd1, rrd2, rrd4 Aberrant morphology of LR and AR apex at higher temperature Sugiyama, 2003; Otsuka and Sugiyama 2012
rid1 to 5 Failure in AR primordium initiation, aberrant LR morphology at higher temperature Konishi and Sugiyama, 2003; Otsuka and

Sugiyama, 2012
rpd1 Defects in AR primordium development Konishi and Sugiyama, 2003
rgd1 to 3 Defects in AR growth after establishment of RAM
srd2, srd2-1 Reduced LR number, failure in AR primordium initiation, PR development interrupted

and aberrant LR morphology at higher temperature
Konishi and Sugiyama, 2003; Ohtani and
Sugiyama 2005; Ohtani et al., 2010

xpl Short PR, increased LR number, abnormal morphology of PR epidermal cells Cruz-Ramı́rez et al., 2004
puchi1 Retarded LR development, swollen LR proximal region Hirota et al., 2007
pin2,3,7 Increased LR density, fused LRs Laskowski et al., 2008
arm Increased LR number, reduced PR elongation, radial swelling on high nitrate Hermans et al., 2010
pdr23 Short PR, reduced elongation zone in the absence of phosphorus, rapid loss of QC

identity in the absence of nitrogen
Costa et al., 2011

tir1 afb2 afb3 LR formed at increased distance from QC, LR primordia of abnormal morphology
originated from two-layered pericycle

Dubrovsky et al., 2011

lrd3 Short PR, increased length and density of LR, meristematic zone of PR reduced in size,
decreased length of PR epidermal cells

Ingram et al., 2011

lbd16, lbd18, lbd29 Reduced LR number, retarded LR formation, knots formed in the LR meristem on
auxin-rich medium

Feng et al., 2012

PR, primary root; LR, lateral root; AR, adventitious root; RAM, root apical meristem; RC, root cap; QC, quiescent centre.
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Smet et al., 2010). Other developmental defects were observed
in the triple mutant tir1 afb2 afb3, where in some cases divisions
in the pericycle failed to result in primordium formation while in
othercases atwo-layeredpericycleoccurredandtheprimordiaori-
ginating from such a pericycle showed abnormal morphology
(Dubrovsky et al., 2011). TIR1 (TRANSPORT INHIBITOR
RESPONSE1) is an auxin receptor mediating transcriptional
responses to auxin, and the homologous proteins AUXIN-
SIGNALING-F-BOX (AFB1, AFB2 and AFB3) are TIR1-like
auxin receptors (Mockaitis and Estelle, 2008), which suggests
that this mutation is defective in the regulation of developmental
responses to auxin. Defects in lateral root initiation and develop-
ment occur also in the group of alf (aberrant lateral root forma-
tion) mutants (Celenza et al., 1995) and in a group of lbd
(lateral organ boundaries domain) mutants (Feng et al., 2012).

In the puchi-1 mutant mentioned above (a recessive mutation in
PUCHI; Hirota et al., 2007), lateral root primordia appear much
shorter than those of wild-type plants. However, those laterals
that have emerged through the primary root surface grow normally
and the root system in the older plants is indistinguishable from
that of wild-type plants. Yet the proximal region of each lateral
root in the puchi-1 mutant is significantly swollen and often
bent. In the course of primordium development it becomes atypic-
allyflatand itsoverallwidth is significantly increased.Thischange
of formisconnectedwithcelldivisions occurring inawiderarea in
the mutant primordium. At later stages, when the lateral root meri-
stem of the puchi-1 mutant emerges from the parent root, the
lateral forms extra tissue consisting of highly enlarged cells at
the periphery of the most proximal region. Abnormal sizes of
cells and an altered cell pattern accompany a change in the form
of the root apex also in other mutants. Most commonly observed
features include defective cellular elongation (Holding et al.,
1994; Ingram et al., 2011) and swollen cells in various tissues of
the primary root (Baskin et al., 1992; Holding et al., 1994;
Eapen et al., 2003; Cruz-Ramı́rez et al., 2004) or of the lateral
root (Benfey et al., 1993). Some mutants show disturbed cellular
organization of the primary root apical meristem (Eapen et al.,
2003; Ingram et al., 2011) as well as of the secondary root
apical meristem and the root cap (Willemsen et al., 1998). In a
few cases missing internal root cell layers or increased number
of cells in all tissues were reported (Benfey et al., 1993; Holding
et al., 1994).

Some arabidopsis mutants show altered morphological fea-
tures of roots in response to external factors, for example nutrient
availability (Hermans et al., 2010; Costa et al., 2011), exogenous
auxin (Feng et al., 2012) and higher temperature (Baskin et al.,
1992). A large group of temperature-sensitive mutants defective
in the development of lateral and adventitious roots and, in some
cases, of the primary root apex were isolated by a Japanese team
(Konishi and Sugiyama, 2003; Sugiyama, 2003; Ohtani and
Sugiyama, 2005; Ohtani et al., 2010; Otsuka and Sugiyama,
2012). Some of these mutants produce lateral roots with aberrant
morphology, such as the rrd1 and rrd2 (root redifferentiation de-
fective) mutants, forming lateral roots characterized by a bell-
shaped appearance of the root apex (Sugiyama, 2003), and the
rid1 (root initiation defective1) mutant with lateral root primor-
dia developing into massive structures (Konishi and Sugiyama,
2003). In some srd (shoot redifferentiation defective) mutants
abnormal lateral root primordia lacking functional apical meris-
tems are observed (Ohtani and Sugiyama, 2005). The srd2-1

mutation alters the organization of cells of the primordium and
maintains primordial cell division for a long period, resulting
in the formation of abnormal hemispherical laterals (Ohtani
et al., 2010). Yet the most striking morphological feature occur-
ring in most of these temperature-sensitive mutants is the forma-
tion at high frequency of fasciated lateral roots (Konishi and
Sugiyama, 2003; Sugiyama, 2003; Otsuka and Sugiyama,
2012). In the fasciated laterals the numbers of internal cell files
are increased (Otsuka and Sugiyama, 2012).

Numerous reports on mutants with significantly changed root
phenotype often concern some general features of root system
architecture, such as altered density of branching (Hermans
et al., 2010; Ohtani et al., 2010; Ingram et al., 2011; see also
reviews by Casimiro et al., 2003; de Smet et al., 2006; Péret
et al., 2009a) or a strongly changed root pattern (Watson et al.,
1998; Wu et al., 2007; de Pessemier et al., 2013). Obviously, re-
search on these aspects of root morphology is essential to widen
our knowledge of the formation of root system architecture.
However, very little is known about the cellular organization
of lateral root primordia (Celenza et al., 1995; Hirota et al.,
2007) and hardly anything is known about cell pattern formation
and the root apical meristem organization of lateral roots in such
mutants. Studies on these aspects would provide insight into cell
expansion during root morphogenesis.

A few cases of mutationscausing morphological defects in both
primary and lateral root apices of other plant species have been
reported. The Pisum sativum crt (curly roots) mutant develops a
small, compact curly root system when grown on a high-density
substrate (Tsyganov et al., 2000). Yao et al. (2002) isolated the
rice srt5 (short root 5) mutant, which has reduced cell size and
number and inhibition of elongation of the seminal, crown and
lateral roots. The sunn mutation in Medicago truncatula causes
shortening of the primary roots (Schnabel et al., 2005). The
maize lrt1 (lateral rootless 1) mutant produces impaired lateral
roots in the maintenance of the root apical meristem (Husakova
et al., 2013).

ROOT BENDING AND LATERAL ROOT
POSITIONING

An interesting morphological feature of arabidopsis roots is a
wavy growth pattern occurring when seedlings are grown at a
45 8 angle in relation to the gravity vector (Okada and Shimura,
1990) or in response to oxylipin treatment (Vellosillo et al.,
2007). de Smet et al. (2007) showed that arabidopsis seedling
roots grown vertically (not stimulated gravitropically) may also
exhibit a wavy pattern. Root waving may be modified by the ion
concentration of the medium and gelling polymers, and by the
extent of gas exchange between the inside and the outside of the
microenvironment of the growing seedling (Buer et al., 2000).

The left–right alternating pattern of lateral roots along the
main root axis correlates with gravity-induced root waving
(Lucas et al., 2008) and was shown to depend on AUX1, an
auxin influx carrier necessary for gravitropic response (Hobbie
and Estelle, 1995; Marchant et al., 1999; Swarup et al., 2005).
In gravity-stimulated waving roots the lateral root primordia
are initiated on the convex side of the local curvature (Fortin
et al., 1989; Lucas et al., 2008). A similar effect is observed in
barley when curvature of the root is induced by mechanical pres-
sure on the root tip (Goss and Russell, 1980). Some experiments
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show that even transient manual mechanical bending of the ara-
bidopsis root induces lateral root formation on the convex side of
the bend (Ditengou et al., 2008; Richter et al., 2009). The process
of primordium initiation on the convex (locally stretched) side is
related to auxin redistribution (Laskowski et al., 2008) resulting
from relocalization of the auxin transport protein PIN1 in a pro-
toxylem cell in response to the tropic stimulus (Ditengou et al.,
2008). Experiments on auxin-insensitive lateral root-deficient
mutants, in which root bending induced new primordium initi-
ation on the convex side of the bend (Ditengou et al., 2008),
point to a link between tropically induced auxin redistribution
and lateral root positioning. It has been shown that transient
bending triggers a transient increase in Ca2+ in the pericycle
and in neighbouring tissues on the convex side. Moreover, inhib-
ition of such bend-elicited Ca2+ elevation results in blocking
new lateral root formation in the bent region (Richter et al.,
2009). These results indicate a possible role of a mechanically
induced Ca2+ increase in the signalling pathway triggering
lateral root initiation. However, the receptors for external mech-
anical signals and the signalling mechanisms leading to the re-
programming of development in the pericycle cells remain
undefined (Monshausen and Gilroy, 2009).

BREAKING THROUGH TO THE OTHER SIDE

Thus, external mechanical factors not only affect the morpho-
logical features of the root apex and root system architecture but
also induce the formation of lateral roots. Nevertheless, even an
unaffected lateral root primordium is subjected to mechanical
factors resulting from its growth and changing geometry
(Kwiatkowska and Nakielski, 2011). Moreover, before it
emerges through the parent root surface, a primordium needs to
push through the overlying tissues, which exert mechanical
stress on it. At this time an irreversible separation of the cells of
the parent root takes place. The means by which this separation
is effected has been the subject of interest since early studies on
lateral root development (after Bell and McCully, 1970). One of
the first attempt to explain this phenomenon comes from
Sutcliffe and Sexton (1968), who observed an increase in activity
of glycerophosphatase in the region of lateral root development in
P. sativum, and who hypothesized that this enzyme, and probably
other hydrolytic enzymes, were induced by mechanical pressure
exerted by the growing primordium on the overlying tissues to
assist the primordium in penetrating through them.

Contemporary studies have revealed an increase in expression
of pectate lyase family genes in arabidopsis roots treated with ex-
ogenous auxin (Laskowski et al., 2006). Activity of pectate lyase
is restricted to the parent root cells in the vicinity of a developing
primordium. Thewalls of these cells contain substantial amounts
of demethylated pectins, serving as a substrate for the enzyme.
These results have led the authors to the hypothesis of enzymatic
degradation of the middle lamellae of the parental root cells
(Laskowski et al., 2006). Other studies have shown that the
mechanical properties of the overlying tissues in arabidopsis
roots are regulated in an auxin-dependent process. Auxin origin-
ating from the lateral root acts as a signal inducing expression of
the auxin influx carrier LAX3 (LIKE AUX1) and the cell wall-
remodelling enzymes that promote cell separation, finally facili-
tating lateral root emergence (Swarup et al., 2008). Moreover,
local accumulation of primordium-originated auxin represses

aquaporin gene expression in the primordium and overlying
tissues and is thought to affect water supply and turgor mainten-
ance to facilitate lateral root emergence (Péret et al., 2012).

AUXIN AND ITS ROLE IN SHAPING THE
ROOT SYSTEM

The above considerations lead us to the conclusion that auxin and
its distribution play a crucial role in many aspects of lateral root
morphogenesis. Auxin affects lateral root positioning, initiation
and subsequent development, thereby influencing the whole root
system architecture (Malamy, 2005; Fukaki et al., 2007; Smith
and de Smet, 2012). Local accumulation of this plant hormone
in pericycle cells is a signal for the specification of the lateral
root founder cells (Dubrovsky et al., 2008). In arabidopsis,
auxin reporter maxima occur in the basal meristem at regular inter-
vals of 15 h and correlate with the formation of a consecutive
lateral root (de Smet et al., 2007). Auxin is necessary for the
first cytological events in the pericycle founder cells and in
further development by promoting cell division (Celenza et al.,
1995). Treatment with exogenous auxin leads to an increase in
new lateral root primordium initiation and growth in different
plant species (Torrey, 1950; Blakely et al., 1982, 1988;
Laskowski et al., 1995; Sreevidya et al., 2010), while application
of the auxin transport inhibitor N-1-naphthylphthalamic acid
(NPA) results in the arrest of lateral root development (Reed
et al., 1998) by blocking the first transverse divisions (Casimiro
et al., 2001). Other hormones regulating root branching are bras-
sinosteroids, which promote lateral root formation through inter-
action with auxin (Bao et al., 2004), as do cytokinins and
ethylene, both in interaction with auxin (Aloni et al., 2006;
Ivanchenko et al., 2008). Abscisic acid (de Smet et al., 2003)
has an inhibitory effect on lateral root development.

Another argument supporting the possible correlation between
auxin and root morphology is the fact that a number of arabidopsis
mutants showing aberrant morphology of roots (including lateral
roots) are auxin-related. Moreover, many mutations in arabidopsis
(Casimiro et al., 2003; de Smet et al., 2006; Fukaki et al., 2007)
and other plant species (Dobbelaere et al., 1999; von Behrens
et al., 2011; Zhang et al., 2011) exhibit auxin-related defects in
lateral root formation, which is considered evidence of the key
role of auxin in this process (Casimiro et al., 2003). The experi-
ments with bending roots mentioned above show that an external
mechanical factor may alter the auxin distribution in roots, which
may suggest that this hormone is somehow sensitive to a mechan-
ical impulse (Laskowski et al., 2008). Thus, in the light of the facts
mentioned abovewe maystate that auxin shapes the root system by
taking part in various morphogenetic processes.

RATE OF GROWTH AND DEFORMATION

Plant organs are shaped in a way that usually correlates with their
functions. The form of an organ develops through a morpho-
genetic process during which a precise sequence of oriented
cell divisions, accompanied by cell expansion and followed by
cell differentiation, is realized (Steeves and Sussex, 1972).
Growth of a plant organ is highly coordinated because the
walls of adjacent cells are glued together by the middle lamellas
and usually traversed by plasmodesmata. For this reason the
neighbouring cells do not lose contact through their lifetimes.
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This kind of growth is called symplastic (Erickson, 1986) and
may be described in terms of a continuous field of growth rates
(Hejnowicz and Romberger, 1984).

The major determinant of the form of an organ, as well as that
of the organism as a whole, is its rates of growth in various direc-
tions (D’Arcy Thompson, 1942). The growth of most plant
organs is anisotropic, which means that growth rates attain differ-
ent values in various directions, of which three, mutually orthog-
onal, are the so-called principal directions of growth (Hejnowicz
and Romberger, 1984). Two of these directions are directions of
extreme growth and the third direction is orthogonal to the plane
formed by the first two. The direction of maximal growth usually
determines the axis of the organ.

Plant organs are able to regulate their growth rates, for example
to adapt to new conditions (Baskin, 2013). A change in growth rate
results in altered morphology, so the growth rate is de facto equiva-
lent to the strain rate.This is why the growthof aplantorganmaybe
considered as an irreversible deformation of a body (Green, 1962;
Nakielski and Hejnowicz, 2003).Development of the lateral root is
a striking example of continuous deformation. In the axial view of
the primordium its initial shape may be well represented by a rect-
angle corresponding to the pericycle cells. With time this simple
geometry is replaced by a more complex form similar to that
observed in the primary root; thus, an apical partof the primordium
attains the shape of a dome. Such a dynamic change of form sug-
gests that growth rates are changeable. Indeed, in contrast to the
primary root apex, whose geometry is preserved during growth
(Nakielski, 2008), the lateral root has a field of growth rates
whose mathematical form is specified in a time-dependent
manner (Szymanowska-Pułka, 2007), which means that the rate
of growth at a given point in the organ changes with time. Such a
field was applied to a uniform rectangular meshwork in computer
simulations. When the field was stable, the primordium developed
in a steady and typical way. Its shape, represented by the outline of
the meshwork (Fig. 2, on the basis of Szymanowska-Pułka, 2007),

was regular and preserved a mirror symmetry with reference to its
axis (upper shape in Fig. 2). When the field was unstable or even
slightly displaced with respect to the meshwork (Szymanowska-
Pułka and Nakielski, 2010), the primordium demonstrated
disturbed symmetry (middle and lower shapes in Fig. 2) similar
to that observed in real cases (Fig. 1D and A, respectively). The
analogy between the forms of a real and virtual primordium sup-
ports the hypothesis concerning the changeable character of
growth rates of the primordium.

The oblique divisions observed both in the axial and tangential
planes of a forming lateral (Szymanowska-Pułka et al., 2012;
Lucas et al., 2013) were described above in the section
‘Anatomical events accompanying the change of geometry’.
These divisions play a basic role in organ shaping and in this
sense they can be considered formative (Smolarkiewicz and
Dhonukshe, 2013). Oblique division walls inserted at early
stages may suggest the foundation of the new principal directions
of growth associated with the field of growth arising in the region
of new organ formation, independentlyof the fieldof growth of the
parent root (Hejnowicz and Hejnowicz, 1991; Szymanowska-
Pułka et al., 2012).

MECHANICAL ASPECTS

The shape of a physical body changes under mechanical stress.
The character of this change depends on the mechanical proper-
ties of the material from which the body is made. For example,
elastic material deforms immediately after application of a
load and restores its form instantly after removing the load.
Viscous material undergoes gradual deformation and plastic ma-
terial undergoes permanent deformation under mechanical
stress. From the point of view of mechanics, plant tissue is con-
sidered a viscoelastic material (Fung, 1984), i.e. the relationship
between stress and strain depends on time. Viscoelastic materials
are characterized by properties of fluids and elastic solids, in that
under mechanical stress theyexhibit both viscosityand elasticity.
Their mechanical parameters may be estimated on the basis of
their morphological responses to external mechanical stimuli.
The methods of rheology, a branch of mechanics dealing with
viscoelastic materials, have been widely applied to the measure-
ment of mechanical parameters of both fresh and fixed plant
material (e.g. Alvarez et al., 1998; Balsamo et al., 2003).
Experimental application of these methods to roots of sorghum
and lateral roots of Pisum have shown that the mechanical prop-
erties of root tissues depend on the culture conditions (Tanimoto
et al., 2000; Hattori et al., 2003).

In mechanically bent roots in which new primordia are
induced on the convex side, even transient bending results in re-
distribution of stress within the root. This is similar to the process
that occurs during the bending of young stems, in which the cells
are highly turgid. The cells on the convex side of the bent stem
undergo tension while those on the concave side undergo com-
pression. Through osmoregulation the compressed cells lose
water while the cells under tension take in water from the
outside. This process is reversible; it continues in time and
resembles the viscoelastic deformation of any material.
However, the compressed and stressed cells adjust their geom-
etry to the current stress distribution through transport of water
while deformation of viscoelastic material takes place through
displacement of the elements from which the material is

FI G. 2. Deformation of the initially rectangular figure under the field of growth
rates specified for the lateral root. Application of a stable field of growth rates
results in formation of a regular dome-shaped primordium (upper); application
of the field displaced constantly in one direction (middle) or randomly (lower)
results in formation of an atypically shaped primordium (for details see

Szymanowska-Pułka, 2007).
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formed. The form of viscoelasticity shown by living plant cells
has been termed ‘osmoelasticity’, which suitably describes the
mechanical stress-dependent phenomena occurring in turgid
plant cells (Hejnowicz, 2011).

Observing the continuous change of form of a developing
lateral root from the perspective of mechanics, one might
assume that a continuous change in the distribution of stress
occurs within the emerging organ and in its vicinity. Although
there is no direct evidence supporting this assumption, some
recent research (Lucas et al., 2013) has shown that there is a re-
lation between mechanical stress distribution and the shape of
the lateral root primordium. Another argument derives from
studies on phyllotactic pattern formation in shoot apices. The
presence and distribution of compressive stresses in the genera-
tive region of the sunflower capitulum is considered a critical
component of a buckling mechanism whereby the floret primor-
dium is initiated (Dumais and Steele, 2000). The morphogenesis
of the arabidopsis shoot apex has also been shown to be indirectly
regulated by mechanical stress (Hamant et al., 2008).

The relation between mechanical stress and local change in
geometry may probably extend to the level of the single cell,
the geometrical features of which may be altered by the
changed distribution of the mechanical properties of the cell
wall, as hypothesized by Pietruszka et al. (2012). Also, the exter-
nally applied load can be perceived by individual plant cells.
Embedded in agarose blocks, isolated cells of tobacco subjected
to controlled external mechanical stress divide either parallel or
perpendicular to the principal direction of stress (Lynch and
Lintilhac, 1997). A similar effect was observed in chrysanthe-
mum cells, which under mechanical stress elongated and
divided in planes perpendicular to the direction of elongation,
corresponding to the principal stress direction (Zhou et al.,
2007). Based on the results of these experiments, in which the
orientation of the division wall in the cell was forced by a con-
trolled stress distribution, we may hypothesize that the
symmetry-breaking oblique cell divisions occurring in lateral
root primordia of untreated seedlings of arabidopsis may result
from a local change in the distribution of stress in the region of
primordium formation.

CONCLUSIONS AND PERSPECTIVES

Both root form and root system architecture are perfectly adjusted
to the functioning of the hidden half of the plant. When exposed to
physiological or mechanical stresses, roots show extraordinary
capacity to adapt to new conditions by regulating growth rates, a
process that is eventually manifested as morphogenetic responses.
There are opinions (Kennaway et al., 2011) that the oriented
growth that is responsible for morphological diversity may be spe-
cified through ubiquitous tissue stresses (Hejnowicz, 1997) or
through molecular signalling. The above summary suggests that
the two may mutually interact. However, we do not know how
the mechanical impulse is translated to a molecular signal and
vice versa, and what carries the signal. Various reports indicate
an important role for auxin in organogenesis and other morpho-
logical events and processes, some of which are mechano-
dependent. This hormone regulates root system architecture, is
related to numerous mutations altering the morphological features
of roots, acts as a signal inducing a sequence of events leading to
separation of the parent root cells during lateral root emergence,

and undergoes redistribution during mechano-induced lateral
root initiation. Is it possible that auxin may have another signalling
function in plants, namely an involvement in mechano-dependent
growth and development? Although contemporary science does
not answer this question, it allows us to draw conclusions and to
plan further experiments on the basis of the reports discussed
above.

In spite of the fact that continuous change in the shape of the
lateral root primordium is relatively easy to observe, it seems to
be an unexplored aspect of organ development. In recent studies
providing direct evidence for the gradual radialization of the prim-
ordium,precisemolecular methods have beenapplied to follow the
morphological changes that occur (Lucas et al., 2013).
Nevertheless, the mechanisms underlying this ‘transformation’
remain unknown. The reasons for atypically shaped primordia,
reported both in wild-type plants and mutant lines, are also
unclear. The morphology of a plant organ is obviously related to
its function, so in order to fully understand the process of lateral
root formationand its contribution to the root system,moredetailed
studies concerning the cellular basis of morphological changes and
defects (Casimiro et al., 2003) are needed. Further research on
mutants producing lateral roots with aberrant morphology would
provide insight into the regulation of growth and would make it
possible to follow changes that may occur in both the direction
and the rate of growth in the lateral root apical meristem.

Our knowledge of the molecular bases of lateral root initiation
and development has increased rapidly within recent decades.
Building on these advances, we may try to widen our knowledge
of the probable relation between auxin and root system morph-
ology, based in part on the auxin-related mutants whose root
growth and development are altered in comparison with wild-
type plants. Yet it is important to remember that, as a physical
object, the lateral root (as well as other plant organs) also has
characteristic physical properties. A change of form of such an
object implies either a change in the distribution of mechanical
stress or a change in mechanical properties. Direct measurement
of both of these remains a challenge, mostly because of technical
difficulties. However, the few reports examining the mechanical
parameters of tissues of roots show that no challenge in science is
so great that it is not taken up.
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