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Abstract

Plant roots are required for the acquisition of water and nutrients, for responses to

abiotic and biotic signals in the soil, and to anchor the plants in the ground (Nibau, C.
et al. 2008). Plant morphology is dramatically influenced by environmental signals.
The growth and development of the root system is an excellent example of this
developmental plasticity. Both the number and placement of lateral roots are highly
responsive to nutritional cues. This indicates that there must be a signal transduction
pathway that interprets complex environmental conditions and makes the "decision" to

form a lateral root at a particular time and place (Malamy et al. 2001).

The signalling pathways triggering these modifications remain mostly obscure(Nacry,
P. et al. 2005). In spite of that, many specific regulators related to the sensing of the
external signals and internal status of the plant have been discovered, this increase the
evidence that phytohormones play a key role in mediating complex pathways of plant
responses. New studies about how these mechanisms work in the plant and the

interaction between many phytohormones elucidate our understanding in plant

physiology.

This research thus, shows an overview of the basic root anatomy in some plants, and

then gives a summary of most lateral root developmental interactions.

Key words: Lateral roots; Environmental signals; abiotic signals; biotic signals;
developmental plasticity; nutritional cues; phytohormones; root system; growth and

development of plants



Abstrakt

Kofteny rostlin jsou potfebné k ziskavani vody a zivin, k odpovédi na abiotické a
biotické signaly pidy a pro zakotveni rostlin v zemi (Nibau, C. et al. 2008).
Morfologie rostlin je vyrazné¢ ovlivnéna environmentalnimi signaly. Rilst a vyvoj
kotfenového systému, je vynikajicim piikladem vyvojové plasticity rostlin. Umisténi i
pocet boc¢nich kofent jsou vysoce zavislé na pfisunu zivin. Z toho vyplyva, ze musi
existovat signalni dréhy, které na zdklad¢ okolnich podminek ur¢i, kdy a kde se

vytvofi postranni kofeny (Malamy et al. 2001).

Ackoliv signalni drahy procesu ristu laterdlnich kofenli jsou jeSté malo zndmy
(Nacry, P et al. 2005), bylo objeveno mnoho specifickych reguldtorti spojenych s
vnimadnim vnéjSich podnéth ¢i vnitintho stavu rostliny. Nabyva dikazl, Zze
fytohormony hraji klicovou roli ve zprostfedkovani souboru drah roslinnych
odpovédi. Nové studie mechanismu téchto reakénich cest a interakci mezi

fytohormony, rozjasiiuji naSe porozumeéni roslinné fyziologii.

Tato reSerSe dava ptrehlédnout zdkladim anatomie nékterych rostlin a shrnuje

soucasné poznatky o interakcich vyvoje postrannich kotent.

Kli¢ova slova: Boc¢ni kotfeny, podnéty vnéjSiho prostiedi, abiotické signaly, biotické
signaly, dostupnost zZivin, vyvojova plasticita, fytohormony, kotfenovy systém, rist a

vyvoj rostlin.



I. Introduction

Unlike animals, higher plants generally develop most of their organs postembryonally
throughout the whole lifespan. In the aerial shoots, the meristems produce leaves,
stems and floral organs, which are initiated on the flanks of the meristem (Fukaki, H.
et al. 2007). Underground, a branching root system develops through the production
of many lateral and adventitious roots from the internal tissues of the parental roots
and shoots (Charlton WA. 1996). Certain cells can be activated to produce new shoots
and roots, each with a new population of meristematic stem cells at the tips. Plants are
completely dependent on the resources that are available in their immediate vicinity.
Unfortunately, nutrient availability and distribution are in constant flux in the
environment. Plants must be able to sense these changes and respond appropriately.
The presence of active stem cell populations and the ability to generate new cells and
tissues allows the plant to adapt its morphology to its unique and changeable
environment(Malamy, J. E. and Ryan, K. S. 2001) In particular, the availability of
nutrients affects both the number and location of lateral root initiation sites (Drew, M.

C. 1975, Drew, M. C. and Saker, L. R. 1978, Drew, M. C. and Saker, L. R. 1975).

It is important to understand that because plants have a totally different anatomy,
development and way of living is logical, that their metabolism, signalling and

responses to their environment, will differ to those in animals in many manners.

The plants world is governed by several factors that have to be elegantly sensed in
order to adapt them to fast-changing surrounding conditions. Developmental plasticity
provides a wide range of advantages to the plant, allowing it to collect signals and
information from its environment and incorporate them into decisions about growth
and development. This allows otherwise immobile plants to place structures in the
optimal position with respect to water, nutrients, and sunlight. Nevertheless, it is logic
that, developmental plasticity also poses certain risks. It requires that certain cells in
the plant remain undifferentiated, or able to de-differentiate to form stem cell
populations. This in turn presents the danger of overgrowth or unorganized growth, an
equivalent of animal cancers(Malamy, J. E. 2005). Thus, important highly controlled
mechanisms of stimulation and suppression must be ridden in the plant. The root

system, the lateral root system specially, is a fabulous place to study the determinants
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of architecture, and of developmental plasticity. Improving the natural responses,
uptake effectiveness and root system architecture (RSA), we will be able to generate a
more efficient and more profitable nutritional field needed due to our fast-growing

human population.



II. REVIEW OF LITERATURE

2.1The Plants Anatomy:

2.1.1. Main root characteristics

The first root of the seed plants or primary root develops from the apical meristem at
the root end of the embryo. Structure of the root system varies considerably among
plant taxons. The root system of gymnosperms and dicotyledons is formed mostly by
the main root and lateral roots, while the root system of monocotyledons is dominated
by adventitious roots. Main root often lasts only a limited time or stops its growth and
the root system is dominated with adventitious roots growing from the stem. The most
important functions of the root system are absorption of water and mineral
compounds, anchorage in substrate, storage, transport, communication, and
metabolism of amino acids, alkaloids and growth regulators among others. There are
many types of roots which are specialized to particular function. For example in vines
and epiphytic plants in the manner of grow or the tuberous roots or storage roots like
Sweet Potato (Ipomoea batatas) or Dahlia, used a lot by Aztecs, also Cassava which
is the third largest source of carbohydrates for human food in the world, with Africa

its largest center of production [1].

The internal organization of the root, is variable but in general looks simpler and
structurally also looks more primitive than that of the stem because shoot meristems
form lateral organs exogenously alterning nodes and internodes. The root has no
leaves like organs and with no division into nodes and internodes, no stomata. The
arrangement of tissues in the root shows relatively little difference from level to level
in the vertical plane. Its structure is axial. Instead, in the stem, the connection of axis
with the leaves results in different structures between nodes and internodes and even

between different levels of a given internode.



We can distinguish different root regions along the longitudinal axis: the root cap
covering the tip, the root meristem and the quiescent center, distal transition zone, the
elongation zone and the differentiation zone. Also in a transverse section we
distinguish three basic tissue systems: dermal tissue system of the epidermis with root
hairs, the cortex (ground tissue system), and the vascular tissue system including the
surrounding pericycle. Each tissue system has some structural features that are
characteristic for roots. The innermost layer of cortex is always differentiated as
endodermis and the layer/layers below the epidermis are mostly differentiated as
exodermis. The centre of the root is occupied by central cylinder containing vascular
tissues and pericycle which is located at the periphery of the central cylinder (Esau, K.
1965, Katherine Esau 1965)

Current Biology
Xylem and . NH and RH Cluiescent
I:l phloem - btk epidermis center
- Cortex; Lateral root Columella
I:' Pericycle endodermis cap root cap

Cell fate in the Arabidopsis root meristem. (a) Cell types. (b) Stem cells (initials) and their
direction of cell division.

Fig. 1 (Benfey, Philip N. and Scheres, Ben 2000)

The apical meristems structure and function, which are under the control of regulatory
mechanisms, give rise to an organized root system. By its analysis from the embryo to
a mature root, it’s possible to trace out planes of cell divisions and the direction of
growth from which each tissue is formed. In one analysis, the parts of differentiation

are followed to the apex of the root to determinate whether there are specific cells that
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appear to be the source of one or more tissues .There is an explicit relation in which,
the apical cells function as initials of the other groups of tissues. In seed plants, the
root presents two principal pattern of the spatial relation between the tissues and the
cells in the apex. In the first, the vascular cylinder, the cortex, and the rootcap, each,
may be recognizable in an independent tier of cells in the apical meristem, with the
epidermis differentiating from the outermost layer of the cortex or depending of the
plant, having a main origin with the rootcap, typical for dicots, each have their own
initials; we say to this close type of apical organization (Esau, K. 1965, Schade,
Christiane and von Guttenberg, Hermann 19511In ). In the second type, all the regions
or at least the cortex and the rootcap converge in one group of cells transversally
oriented, all regions have a common group of initials; this last type is the open type of
organization, thought as physiologically more primitive (Esau, K. 1965). This open
type organization is typical for gymnosperms, being seen often in dicots while the
closed type is typical for monocots. However both types can be found in each group;
as for example in monocots, its typical the close type, most of grasses, but in onion,
Allium cepa it is opened. In many lower vascular plants, only one cell, the apical cell,
is the common initial for all parts in the root (Esau, K. 1965). In dicotyledons closed
and open schemes are commonly believed to remain unchanged during the growth of
the root axis. In some roots was proved that early growth is followed by deceleration,
after which the initial cells stop dividing, elongation ceases, and the root reaches its
determinate length. At or before reaching determinacy, the root apical meristem stops
maintaining its closed organization and becomes less organized(K.Chapman, E. P.

Groot S. A. Nichol and T. L. Rost 2003).

Seems that in some species, lateral roots can after a short period of time get more
organized, in Typha was seen an special phenomenon in which, the newly emerged
LR apical meristem produces and open configuration with cells derived from the
ground meristem/protoderm (cells differentiating to covering tissues), and calyptrogen
(the initial layer of the rootcap), then however, after getting longer, most lateral roots
change to again closed or three-tiered meristem(Seago, J. L. and MARSH, L. C.
1990).

Initials of the root apical meristem (undifferentiated actively dividing group of cells at
the tip of the root from which new cells are formed are located around a non-dividing
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set of cells which form the quiescent center (QC). Quiescent center cells have a
characteristic ultrastructure and express distinct genes. It was seen that laser ablation
of QC cells intensifies the differentiation in the nearest initials, suggesting that the QC
keeps the initials in an undifferentiated stage(Benfey, P. N. 2005).

Many works studying root differentiation use Arabidopsis thaliana as a model plant
because of the simple structure of its primary root. We distinguish several tissues in
the root of A. Thaliana, still the most studied model plant. The four layers; epidermis,
outer cortex, endodermis and pericycle (already part of the wvascular cylinder)
surround the vascular tissue in the center of the root. The outer part of the epidermis is
formed by two types of cells, the ones which form root hairs (RH cells) and others
that don’t (non-hair or NH cells). Root hair cells are able to form hairs already close
to the root tip, just behind the region of root elongation where the first conducting
elements mature. In some plants the root hairs only arise from specialized cells called
trichoblasts. Root hairs usually do not last more than several days, but the surface area
of all the plant’s root hairs greatly increases the total root surface that functions in the

absorption.

In the endodermis, each endodermal cell has a Casparian strip which is a continuous
band around both radial and transverse walls impregnated with suberin and lignin.
Casparian strips are forming an apoplastic barrier to movement of water and solutes
within apoplast. Casparian strips, appears in the region of maturation of the first
xylem elements. The presence of endodermis permits the plant to uptake selectively
the compounds it transported farther not through apoplast but through the symplast,
entering the cytoplasm, because of selective transport through the plasmamembrane,
in order to reach the transport elements in the vascular cylinder. In most species, the
endodermal cells develop further to a secondary state which involves the deposition of
thin suberin lamella over the entire inner surface of the wall, which can be followed
by the inward deposition of lignified cellulosic secondary wall, the tertiary state

(Pazourek J. and Votrubova O. 1997).

The vascular cylinder appears as a column in the center of the root, and is derived

from the procambium. Inside the core, vascular tissues are differentiated forming
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different patterns (diarch, triarch, etc.) In A. Thaliana, a diarch arrangement is found.
In spite of fact that the protoxylem cells mature first, the metaxylem exceeds the
protoxylem cells in width and therefore is more obvious at the onset of enlargement
and vacuolization. The primary xylem differentiates centripetally and is exarch (the
older elements are in the outermost part of the tissue). Phloem differentiates in the
same direction, that is, centripetally. Thus first, the protophloem appears next to the

pericycle, then, the metaphloem deeper in the vascular core.

This sequence of xylem differentiation described above is common in both
monocotyledons and dicotyledons (Esau, K. 1965, Pophan, R. A. 1955, Riopel, J. L.
1964) In Esau, k. 1965). In some plants (e.g. Cucurbita pepo) the central part of
vascular cylinder remains as parenchyma for long time. Then several centimetres
from the apex, one cell from the pith center increase about four times in diameter and
differentiates as a metaxylem vessel member, causing in the process a considerable
rearrangement of the surrounding cells (Harrison-Murray, 1973; Hayward, 1938)
reviewed in (Esau, K. 1965).

The longitudinal differentiation of the primary vascular tissues in the root is acropetal
(from the base toward the tip), in which the protophloem is maturing closer to the
apical meristem than the first xylem (protoxylem) (Esau, K. 1965, Katherine Esau
1965)

The distances between the apex and the first matured vascular elements, especially
those of the xylem, vary (Esau, K. 1965). They are affected by age of root, rate of
growth, plant species, presence of a disease or stress, type of root (short or long type,
terminal or lateral), and other factors (Peterson, R. L. 1967, Riopel, J. L. 1964, Seago,
J. L.). In general, the mature vascular elements are significantly closer to the apical
meristem in slowly growing roots than in rapidly growing roots. The proximity of
mature vascular tissues to the apex can change in the same root under different
environmental conditions. During dormancy of perennial plants, for example, root
growth decelerates and the maturation of vascular cells advances toward the apex

(Esau, K. 1965).



2.1.2. An introduction to Lateral Roots

In this research my commitment is to review external factors and internal regulatory
mechanisms that take part in the process of forming the root system architecture
(RSA), and how these mechanisms are working in diverse plants, especially in lateral
roots development.

Important part and very variable of the root system are the lateral roots (In the text
further as LR), LRs emerge from the periphery of the vascular cylinder at different
distances from the apical meristem. As their origin is from deep tissues within the root
and not from the surface, LRs origin is known to be endogenous.

Depending on the rank of the root the gives rise to laterals, the latter are frequently
designated as secondary roots, tertiary roots, and so on (Esau, K. 1965).

Most commonly, the LR of gymnosperms and angiosperms, emerging on main roots
or their branches, or in adventitious roots, are originated in the pericycle (Lloret, P. G.
et al. 1989). But we can’t generalize this if we include ferns, in which, on the
contrary, lateral roots originate from the endodermis.

Many similarities are found between anatomical features and development of lateral
roots of various species. However, exist environmental factors, species specific traits
and ontogenic variability of individuals that must be taken into account. From this
point, the well known simple anatomy of Arabidopsis thaliana has been exhaustively

studied but also compared to other model plants.

2.1.3. The pericycle:

The pericycle is the outermost layer of the vascular tissues. The pericyclic origin of
the lateral root places is in close juxtaposition with the vascular tissues of the parent
root to which the vascular tissues of the lateral root connect. The position of the
lateral root with regard to xylem ridges of the parent root varies in relation to the

vascular pattern of the parent root according to some species but is stable in a root of
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specific plant species. All cells in the pericycle are in theory capable of lateral root
initiation, but under normal circumstances only the pericycle cells nearest the internal
xylem or phloem poles, depending on the plant species, perform this function
(Benfey, P. N. 2005). In general, mostly in a diarch root, the lateral root often arises
between phloem and xylem, in a triarch, tetrarch, and so forth, opposite the xylem, in

a polyarch monocotyledon root, opposite the phloem.

In Arabidopsis, Lateral root (LR) primordia originate from a subset of pericycle cells
which undergo asymmetric divisions as founder cells. These founder cells give rise to
LR tissues by clonal expansion, the undifferentiated cell divides in two; one stays the
same as the parent and the second acquire a developmental fate different from that of
their mother and, as a consequence, play a principal role during the first stages of

lateral root initiation(Dubrovsky, J. G. et al. 2001).

Lateral root development in front of the phloem is seen mostly in monocots like Zea
mays, Secale, Hordeum (barley), Triticum (wheat), nonetheless this phenomenon was
found even in dicotyledon carrot (Esau, K. 1965, Lloret, P. G. et al. 1989). However,
in monocots, mostly with polyarch pattern, this description results relative since the

LR primordium bridges neighbouring xylem parts.

In dicotyledons plants, such as Arabidopsis, Helianthus annuus (sunflower),
Raphanus sativus (radish), Pisum sativum (pea), Lactuca sativa (lettuce) the LR
development is found in front of the xylem, although this type of architecture is seen
in the monocotyledon Allium cepa (onion) as well (Esau, K. 1965, Laskowski, M. J.

et al. 1995, Lloret, P. G. et al. 1989).

Lateral root primordium originates from a subset of the pre-defined pericycle cells.
Within this population of cells group of cells is elected, so called founder cells, which
establish the whole lateral root. The estimated number of founder cells varies among
species and is sometimes inconsistent for different authors. The number of lateral root
founder cells in Vicia faba was estimated to be 24(Davidson, D. 1965). In another
study, the range of founder cell numbers was calculated to be between 12 and 162,
depending on the species ((MacLeod, Ronald D. and McLachlan, Sandra M. 1975).
The number given for Vicia faba, 162, was based on the assumption that primordium

initiation takes place well behind the root apical meristem. Using direct histological
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observation, the number of founder cells in radish roots was estimated to be 30
(Blakely, L. M. et al. 1982). In Arabidopsis, were made histological observations to
estimate the number of founder cells, taking into account the average length of the
phloem-radius pericycle cells, and assuming that the cell files that lie between the
xylem-radius and phloem-radius, cell files are intermediate in length, it have been
estimated that the average number of founder cells in an Arabidopsis lateral root is

about 11(Laskowski, M. J. et al. 1995).

The endodermis also can contribute to the root primordium with some cell layers. Not
often happens that, the cells of endodermal origin are sloughed off after the lateral
emerges from the parent root (Byrne, J. M. 1973, Esau, K. 1965). Sometimes the
pericycle doesn’t create lateral root initiations all alone but it is assisted by the

endodermis in some plants(Seago, J. L. and MARSH, L. C. 1990).

In ferns, as seen in Ceratopteris, the first sign of LR initiation was cell expansion in
the endodermal layer. This enlarged cell was designated as the lateral root mother cell

that give rise to LR primordium (Hou GC, Hill JP Blancaflor EB 2004).

The initiation and growth of LR follows acropetal sequence (Dubrovsky et. al 2006)
with the youngest primordia found the closest to the root tip. However further
development might be arrested and early developmental stages might be found among
growing LRs. In some cases, the competence of the parental root pericycle or
endodermis to initiate LR primordia extends along broader regions of the parent root
and new primordia can be initiated in the zone of already established LR primordia,

like in Arabidopsis Thaliana (Dubrovsky, J. G. et al. 20006).

The formation of LR’s in an inverse order to the natural is unusual. For example,
basipetal (from the tip toward the base) sequence of LR development occurred on the
preformed root regions in the germinative radicle of Theobroma cacao but from its

origin we can say they could be rather adventitious. (Lloret, P. G. et al. 1989)

The existence of dormant or late-formed LR primordia presents a problem to predict
an average distance at which new initiation events should occur in a growing root

(Dubrovsky, J. G. et al. 20006).



Variation of pericycle structure and LR positioning can be shown within roots of
Allium cepa, Pisum sativus, and Daucus carota. In the central cylinder of pea, P.
sativum, the triarch primary root has a single-layered pericycle in the vicinity of
phloem poles and two- or three-cell-layered pericycle opposite the xylem poles; while
the onion adventitious root tends to be pentarch, being bounded by a single-layered
pericycle. In grasses is seen that the pericycle can be interrupted in front of the
protoxylem and its continuity is thus, not maintained. In carrot, cells of the outer
pericycle were measured as shorter than those of the inner pericycle (two cell layers),
and both groups of cells were markedly shorter than those opposite the phloem,
similarly was in onion. Significant differences in the endodermis between lengths of
opposite xylem and opposite phloem cells were founded, while there were not
significant differences between the two locations in the cortex. The first steps in LR
development are similar in onion; A. cepa and the pea (see section 2.2.1). In P.
sativum the cortical cells also undergoes mitosis contributing cells to the
primordium.(Lloret, P. G. et al. 1989)

While monocotyledon onion has just one-cell-layered pericycle (LR develops near the
xylem, not really usual in monocots), dicotyledons carrot (LR develops in front of the
phloem) and dicotyledons pea (which as A. thaliana and radish has LR initiations near
the xylem) have in the areas of respective LR initiation; phloem or xylem, a pericycle

multi-cell-layered (Lloret et al. 1989).

Lateral Root Primordia(LRP) tissues were mainly derived from the pericycle with
endodermal cells forming a thin overlying layer (Lloret, P. G. et al. 1989). The
pericycle in carrot also contains two cell populations which can be clearly
distinguished on the basis of mean cell length. In contrast to P. sativum and A. cepa,
the shortest pericyclic cells are those adjacent to the phloem. In the endodermis,

smaller differences in cell length are recorded.

The middle cortex shows no significant differences in mean cell length between cells
opposite xylem and opposite phloem in the three species, suggesting that two distinct
populations arise only in those tissues directly involved in LR formation.(Lloret, P. G.

et al. 1989)
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In Allium cepa, the cells of the pericycle that divide periclinally are very short. This is
appreciably in plants in which the first periclinal divisions happen far from the tip. In
these plants, all the pericycle cells become elongated and highly vacuolated before the
lateral root initiation starts (Casero, P. J. et al. 1995). Mitoses proceed via unequal
divisions. Often such divisions are coordinated in adjacent cells.- Thus, after the
divisions, cluster of short cells of the pericycle (founder cells) are observed in front of
the xylem, and generally, are the first which divide periclinally. In carrot roots, wheat
roots and maize roots, as well this pair of cells always is seen near the phloem.
(Casero, P. J. et al. 1995, Casero, P. J. et al. 1993, Demchenko, N. P. and Demchenko,
K. N. 2001)

The short pericycle cells, which divide periclinally during lateral root development,
are the product of asymmetrical transverse divisions. Furthermore, the first
asymmetrical division always occurs in the same topographical location relative to the
vascular pattern as the lateral roots. This tells us that asymmetrical transverse
divisions are the earliest stage in the development of the LR, continued then by
periclinal divisions. Similar transverse divisions happen in the endodermis cells in
ferns (Clowes, 1961, Liu and Raghvan, 1991). The generalization of the phenomenon
shows that LR formation is another important example of development in plants
where change of cellular fate is connected with asymmetrical divisions. Prior to these
asymmetrical transverse divisions, it must to be summed that the nucleus moves
towards the end of the cell when a pericycle cell is activated to initiate a lateral root
primordia (LRP) (Casero et al. 1995). Variety of other developmental processes,
including root hair (avers, 1963), stomata (Stebbins and Jain. 1960), as well as LR
formation (Bell and Mc Cully, 1970) make use of asymmetrical division. On the other
hand, in the Pisum pericycle the transverse divisions are described as consistently
symmetrical (Lloret, P. G. et al. 1989). Results from these authors suggest that in
regions of Pisum roots far from the apex, the mitotic activity restarts again in a
controlled process of cell life cycle. The conclusion was that mitoses cease beyond the
apex and then restart as the cells approach the level of LRP initiation. But how this
happens? When? As we will see, many factors, including phytohormones down and
up regulate these processes. LR initiation could be an excellent model with which

study cell-cell interactions during development and differentiation in plants.
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The pericycle cells which are involved in the lateral root initiation would form a
symplastically isolated group of cells in which a sequence of divisions occur from the
contiguous end of one cell to the other(Casero, P. et al. 1996). The authors observed
that the short cells then, realize periclinal divisions following the same polarization.
Simultaneously, the mother pericycle cells undergo an asymmetrical radial expansion.
Even though each mother pericycle cell follows this sequence of divisions, this not
mean that they all have the same capacity to divide, this capacity is being loosing in
the way they get closer to the periphery, and so, while all of the short daughter cells
from the central pair of the mother pericycle cells divide periclinally, the most
peripheral mother pericycle cells undergo only one or two transverse divisions

(Casero, P. et al. 1996).

2.2. Lateral Roots

We define lateral roots as those that originate from pericycle of some other root. This
means that lateral roots can be derived either from a seminal root, an adventitious
root, or another lateral root. They are important for the plants to adapt to the
environment and use its resources (Lloret, P. G. et al. 1989). Development and growth
of existing roots and initiation of new lateral roots is considered to be an important
feature increasing absorbing surfaces, and bringing these surfaces into contact with
new undepleted areas of soil. The distribution of the lateral roots along the parent
roots is not at random and is related to the environmental conditions, allowing
optimal utilization of soil resources (Lloret, P. C. et al. 1998, Lloret, P. G. et al. 1989).
Regulation of lateral root (LR) development in higher plants is very complex,
interesting and our knowledge of this area is significantly incomplete. Basic outlines

of interlinked regulatory pathways were sketched (Fukaki, H. et al. 2007).

When a lateral root is initiated, several contiguous pericyclic cells acquire dense
cytoplasm and divide periclinally. The products of these divisions divide again,
periclinally and anticlinally. The accumulating cells form a protrusion, the root
primordium. And as the primordium increases in length, it penetrates the cortex and
emerges to the surface. The parent tissues adjacent to the lateral roots can undergo
major structural and functional changes to facilitate the growth of the lateral root

inside parent root and its emergence(Lloret, P. G. et al. 1989).
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At the site of origin of a lateral root the cells of the parent root are variously affected
by the new growth. If the lateral root arises close to the apical meristem, the parent
root cells are not yet fully differentiated and initiate the meristematic activity with no
profound histologic changes. If the endodermis has Casparian strips where the laterals
arise, it usually divides in front of the proliferating pericycle and may form Casparian
strips in the new cells, at least for a time. Lateral roots, however, may arise also at
root levels where the pericycle and the endodermis have lignified secondary walls
(Bell, J. K. and McCully, Margaret E. 1970, Karas, 1. and McCully, M. E. 1973). It is
possible that delignification and removal of secondary walls precede the meristematic

activity concerned with the initiation of the lateral root (see section emergence 2.2.2).

Vascular tissue of the newly formed lateral roots is connected to maternal root tissue.
When phloem and xylem begin to differentiate in the lateral root, after emergence,
these tissues become connected with the equivalent tissues in the parent root by a
differentiation of the intervening parenchyma cells into vascular elements. Symplastic
connection of two phloem system takes place (Oparka, K. J. et al. 1995). These
parenchyma cells are first of all those derived from the pericycle derived primordium
tissues. Depending on the extent of vascular connection to be established, cells in the
parent vascular cylinder beneath the pericycle may also participate by division and
vascular differentiation in forming the connection(Bell, J. K. and McCully, Margaret

E. 1970, Esau, K. 1965).

2.2.1Developmental stages of lateral root formation

There are many reviews on the process of lateral root development from the parent
root. The main model is Arabidopsis in which, as in most eudicots, LR initiation
occurs in pericycle cell files adjacent to a protoxylem pole of the stele. The process
has been divided into 8 stages (Stage I-VII and Emergence), as described in detail
Malamy and Benfey, 1997.
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FIG 2. Model of LRP in Arabidopsis. Stages are indicated above each diagram. Color coding shows the
putative derivation of each tissue from Stage I through Stage VII, based on the information from the
histological studies and the marker lines. Note that by Stage VI all the radial pattern elements of the
primary root are present in the LRP. The cluster of white cells near the LRP tip at Stages VI and VII cannot
be clearly identified, but the position and lack of staining of these cells in differentiated cell-specific marker
lines suggest that they develop into initials and quiescent center. White cells at the base of the LRP could

not be identified. (Malamy, J. E. and Benfey, P. N. 1997)

The first evidence of the primordia initiation is related to asymmetric anticlinal divisions
of the founder cells, in anticlinal cell division the plane of division is at right angles to the
surface of the plant body. This way, appear 8 to 10 short pericycle cells, which radially

increase their size (Stage I.).
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Then continue some periclinal divisions (the plane of division is parallel to the surface of
the plant body) producing a two-layered primordium. Outer layer (OL) and inner layer
(IL) can be clearly distinguished. Further periclinal division give rise to a three-layered
primordium with layers OL1, OL2, IL, and so on a later four-layered primordium with
layers OL1, OL2, IL1, IL2 (Stage II.-IV).At this stage in Arabidopsis the LRP has
penetrated the parent endodermal layer. In some plants including tomato, adjoining
endodermis cells, or up to a few layers of the root cortex, divide and contribute to the
formation of a primordium (Dubrovsky, J. and Rost, T. L. 2003, Dubrovsky, J. G. et al.
2001, McCully, M. E. 1975; Peterson, R. L. and Peterson, C. A. 1986). Later cells
derived from those tissues participate in the formation of a temporary root cap that assists
in primordium emergence through the parental root tissues (Barlow, P. W. 2004, Charlton

WA. 1996).

In already two-layered stage a forming shape can be distinguished. Not all the small
pericycle-derived LRP cells appear to participate in these periclinal divisions; typically
the most peripheral cells do divide less frequently. Hence, as the OL and IL cells expand
radially the domed shape of the LRP begins to appear. (Ivanchenko, M. G. et al. 2006)

Once primordium have four layers we can talk about an autonomous meristem because
studies from Laskowski et al., 1995 concluded, that lateral root formation is a two-stage
process divided before and after the developmental point after which an excised LRP
could continue to develop in hormone-free media. This functional assay therefore defined
the stage (when it has 3-5 cell layers in Arabidopsis) at which the LRP is autonomous
from the point of view of further development (Laskowski, M. J. et al. 1995). This is just
before the cellular architecture of the developing lateral root changes and starts to seem
as the radial pattern elements of the primary root. After this just few of the primordia
remained arrested, maybe because of some inhibition or failure and do not emerge. Thus,
a population of activated cells from earlier stages is a requirement for meristem
formation, but is not enough to form a lateral root; two cell layers of primordia don’t get
to form autonomous meristems when placed in culture (Cheng, J. C. et al. 1995,

Laskowski, M. J. et al. 1995).

25



After this stage a central cell in OL1 and OL2 divides anticlinally to form four small
cuboidal cells. The cells adjacent to these two cells in the OL1 and OL2 also divide,
creating an outer layer (OL1) that contains 10-12 cells. In addition, cells in IL2 enlarge
radially and divide, pushing the overlying layers up and apparently compressing the cells
in IL1 and OL2. The LRP at this stage (V.), is midway through the parent
cortex(Malamy, J. E. and Benfey, P. N. 1997).

Next, cells of OL2 undergo a periclinal division, creating a new internal layer. These
layers are designated OL2a and OL2b. Also, the four central cells of OL1 divide
periclinally. By this time, the LRP has passed through the parent cortex layer and has
penetrated the epidermis (Stage VI).

In this stage VI, LRP begins to resemble the mature root tip, containing 3 layers that
could correspond to epidermis, cortex and endodermis surrounding a core of presumptive

stellar tissue, and a potential root cap at the tip of the LRP.

Stage VII. As the primordium enlarges it becomes more difficult to distinguish particular
divisions, especially in the internal layers. It appears that many of the cells of the LRP
continue to undergo anticlinal divisions. In the OL1, this results in 8-10 cells on either
side of 8-10 central cells. Here they used the formula 8-8-8 cell pattern to describe it. The
LRP appears to be just emerged from the parent root. Emergence in Arabidopsis happens

when it is an 8-10-layered primordium

Developmental stages of LRP vary in their structural organizations, once the primordium
of the lateral roots emerge from the mother root their organization and structure seems to

be very similar(Scheres, B. et al. 1994)

. Now we have technically already a lateral root elongating and not just a primordium.
The lateral root in this stage meanly grows by the enlarging of its cells at the base of the
root while the outermost cells undergo almost no changes (Malamy, J. E. and Benfey, P.

N. 1997).

26



222 Emergence of Lateral roots

The development of lateral roots in many species of plants uses to be coupled with
temporary structures, which are derived from tissues out of the pericycle. Van Thieghem
and Douliot, 1988 said, that this structure origins from the endodermis and some outer
laying elements; they called it “Poche digestive”(Van Thieghem, P and Douliot, H.
1888). Von Guttenberg, 1951 limits the origin from this structure only to the endodermis
and called it “Tasche”(Schade, Christiane and von Guttenberg, Hermann 1951). In
essence, those structures are but the same (Bell, J. K. and McCully, Margaret E. 1970).
The function of these structures is considered to be mainly the defence of primordium
and the facilitation of emergence (Charlton WA. 1991). In Convolvulus arvensis Bonnet,
1969 observed that at first in the surface of primordium was temporary formed “Tasche”
structure, which secrete vesicles. These vesicles, evidently originating in dictyosomes,
were found in the outermost cells of these structures, and their expected content was
hydrolytic enzymes, which implicated dissolution of protoplast and lysis in neighbouring
cortical cells(Bonnett, H. T. 1969).

For plants not making these temporary structures, primordia were expected to
break out from the parent root only by mechanical force (Charlton, 1991). Bell and
McCully, 1970 in the observation of Zea mays have concluded that these two methods
seem to be possible to combine. In that species, the primordium first creates a temporary
"Tasche" structure, which was substituted by mechanical pressure when lignified outer
layers of the main root were reached. The activity of hydrolytic enzymes is nowadays
expected even in absence of temporary structures (Swarup, K. et al. 2008)The
endodermis often divides anticlinally and thus keeps pace with the growth of the
primordium, but the other cortical cells are deformed, crushed, pushed aside, and partly
degraded by enzymatic activity and other factors (Bell, J. K. and McCully, Margaret E.
1970, Swarup, K. et al. 2008).

Cells in the parent root overlaying new lateral root primordia actively participate in organ

emergence thanks to a transcellular auxin signalling network designed to synchronize
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lateral root development and emergence processes. The restricted pattern of LAX3
expression in outer root tissues is important for the localized induction of cell-wall-

remodelling genes such as AIR3, PG and XTR6(Swarup, K. et al. 2008).

LAX3 encodes a high affinity auxin influx carrier and facilitates lateral root emergence by
promoting the separation of epidermal and cortical cells overlaying primordia. Authors
concluded that LAX3 coordinates the spatial expression of several classes of cell-wall-
related enzymes, which are likely to act collectively to promote lateral root emergence.
IAA3 was only detected in endodermis and is likely to influence the rate of lateral root
emergence by regulating the auxin inducible expression of cell-wall-remodelling gene. It
was also found that LAX3 expression is auxin inducible and is mediated by the auxin

signalling components ARF7, ARF19 and IAA14/SLR(Swarup, K. et al. 2008).

ap End c Epi ©p End C Epi dp g g Epi

P End G Epi

Figure 3 Model for auxin-dependent lateral root
emergence. (a) Auxin (IAA) originating from dividing
pericycle (P) cells induces cell-wall-remodeling
(CWR) gene expression in adjacent endodermal (End)
cells by targeting the degradation of the SHY2/IAA3
repressor protein. (b) Auxin derived from the lateral
root primordium also induces expression of the auxin
influx carrier LAX3 in adjacent cortical cells (C) by
targeting the degradation of the SLR/IAA14 repressor

protein. (¢) LAX3 expression increases cell

(Swarup, K. et al. 2008).

permeability to auxin, creating a positive-feedback
loop. Increased auxin accumulation induces CWR
expression. (d) At a later stage of primordium
development, auxin induces LAX3 expression in
adjacent epidermal (Epi) cells. The expression of
CWR in a few cells of the different layers facilitates
the emergence of lateral root primordium.(Swarup, K.

et al. 2008)

Cellular auxin responses are represented as a blue

color gradient
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When penetration through parental root tissue occurs, a disturbance of the tissues located
outside the pericycle happens, thus creating the possibility of the uncontrolled entry of
substances and pathogens that is why this process must be tightly regulated, as cell
separation (particularly of the protective epidermal layer) constitutes a risk to the plant
internal environment integrity (Nibau, C. et al. 2008). Plants therefore create different
structures, such as healing callus like cells, deposition of extracellular material or
suberized and lignified cell walls (for cereals) or the accumulation of phenols (in
Hieracium) resealing perturbed tissues (Peterson R.L. 1979). The purpose of those
structures is to restore apoplastic barriers and a continuum of the plant body surface

(Charlton, 1991).

LR Development ends with the differentiation of the phloem and xylem in the
primordium and their subsequent connection to the phloem and xylem in the parental
root. This connection takes place through differentiation of pericycle cells to conductive
elements on the proximal end of primordium (Esau, K. 1965, Katherine Esau 1965,

Oparka, K. J. et al. 1995).
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III. Regulation of lateral root initiation and growth

Physiological processes in plants are surrounded by phytohormones that are the key
regulators and coordinators of many functions. Particular response results from their and
other factors interaction. Intrinsic regulatory pathways and external factors shape plant
body in accord with environmental effects within the limit of its genotype. There is a
great diversity of individual tissue or organ responses to phytohormones in contrast with
the relative specificity of action of animal hormones. In plants there is a high degree of
influence to the reactions of phytohormones by external factors (light, gravity, etc.). Most
physiological responses of plants are regulated by two or more participating
phytohormones, and this hormone signalling is expected to be involved in both

developmental and environmental response pathways (Malamy, J. E. 2005)..

There is very much evidence that some signalling networks are specific for LR formation
(Hochholdinger, F. et al. 2004, Rogg, Luise E. et al. 2001) (Coates, J. C. et al. 2006)
researchers are now trying to look for novel strategies to manipulate root branching in
crop plants (Nibau, C. et al. 2008). And now it is important to move forward to
agriculturally relevant plants, especially as the mechanisms at work in crop plants may

differ from those in Arabidopsis (Nibau, C. et al. 2008)

We know, lateral roots in most plants start by growing horizontally, and then eventually
turn to grow at or near the vertical. Roots appear to be programmed to grow at a
gravitropic set-point angle (GSA) relative to the gravity vector, and this GSA can be
genetically perturbed. Hence, GSA can be described as an important, largely overlooked

intrinsic component of root system architecture (Malamy, J. E. 2005).

The mechanism responsible for the spatial patterning of LRs and LR primordia remains
unknown. However, new convenient measures of LR and LR primordium densities and
patterning were developed for Arabidopsis with the use of a protoxylem pericycle-

specific enhancer trap line (Dubrovsky, J. G. et al. 2006).
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The efficient colonization of soil by plant roots is dependent on the initiation of new
lateral roots(Swarup, K. et al. 2008). Most of the lateral root processes are auxin-
dependent, or at least are indirectly interacting in complex pathways to control each stage

of lateral root development (Casimiro, Ilda et al. 2003).

The main phytohormones involved in lateral root development are auxin and cytokinin,
which are drivers of many processes, in some cases acting as antagonists affecting many
diverse reactions depending of their concentration, proportion and way of transport.
Auxin and other growth regulator are intensively studied long time because of stimulating
lateral root formation(Blakely, L. M. et al. 1972). Their suppression by endogenous
inhibitors may be responsible for the frequency and distribution of lateral roots on the

parent root (Street, H. E and Roberts E.H. 1952).

A integrate system of specific interaction among various phytohormones in diverse steps
is up to be discovered. Lateral root ontogeny has been the object of analysis since the end
of the nineteenth century (Bell, J. K. and McCully, Margaret E. 1970, Blakely, L. M. et
al. 1972, Byrne, J. M. 1973, Van Thieghem, P and Douliot, H. 1888) With the use of new
methods this topic is nowadays in an amazingly fast advance. As we see in particular, the
availability of nutrients affects both the number and location of lateral root initiation sites
(De Smet, Ive et al. 2007, Drew, M. C. 1975, Drew, M. C. and Saker, L. R. 1975, Drew,
M. C. and Saker, L. R. 1978, Lloret, P. C. et al. 1998, Lucas, M. et al. 2008). Plants can
sense quality of the soil directly via external sensors, and also monitor and respond to
their own internal nutrient status. Based on this information, plants must decide whether
or not to trigger lateral root initiation. Hence, the formation of lateral roots in the root
system provides a good model for studying how plant development is coordinated with

environmental conditions(Malamy, J. E. and Ryan, K. S. 2001).

The intrinsic determinants of the root system architecture (RSA) are those which are
essential for LR initiation, developmental patterning of the primordium and LR formation

and growth.(Malamy, J. E. 2005)
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3.1 Developmental processes of LR formation

The developmental processes of LR initiation are different from embryonic root
initiation, implying that there are differences in the molecular mechanisms between
embryonic root and LR initiation. It has been shown that most of the cells in Arabidopsis
LR primordia are derived from the central of the three protoxylem pericycle cell files
adjacent to the xylem pole (Kurup et al., 2005), suggesting that this central cell file has a

specific developmental context for the initiation of LRs.

Although apparently genetically determined, it is not clear why LRs are initiated from the
protoxylem pericycle rather than from the protophloem pericycle. In Arabidopsis,
protophloem pericycle cells are arrested at the G, state, but protoxylem pericycle cells are
allowed to proceed to G, (Beeckman, T. et al. 2001), indicating that protoxylem pericycle
cells acquire the competence to divide though located far from the root meristematic
zone. Understanding what determines the differential regulation of the cell cycle between
the protoxylem and protophloem pericycles is necessary to figure out the LR
development. In 2008, Parizot et al. demonstrated, using cytological approaches, that

there are two distinct types of pericycle

The protoxylem pole pericycle has meristematic characteristics with frequently three or
more vacuoles and a dense cytoplasm containing numerous electron-dense ribosomes.
Cells in the pericycle of the phloem pole have a single central vacuole and a parietal
cytoplasm with less ribosomes, typical for a more differentiated status (Parizot, Boris et

al. 2008).

Interestingly, years before was discovered a very important fact occurring in the pericycle
cells cycling, the cell cycle inhibitor Kip-Related Protein2 (KRP2), which blocks G1-S
transition, is expressed in the pericycle but excluded from protoxylem pole of pericycle.
This supports the idea that, G1- and G2-specific blocks that must each be overcome to
achieve lateral root initiation(Malamy, J. E. 2005). At a more distal region, most
pericycle cells arrest at G1, but protoxylem pericycle cells proceed to G2 and become
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competent for lateral root initiation. This may occur via repression of KRP2 in these
cells, which allows cells to proceed beyond G1. In agreement to this concept, over
expression of KRP2 leads to a strong reduction in lateral root initiation (Himanen, K. et
al. 2002). A subset of the G2-arrested cells then continues on to become founder cells by
a still unknown mechanism. Interestingly, KRP2 expression is repressed by auxin
(Himanen, K. et al. 2002),consistent with the idea that auxin plays a role in determining

which cells become competent for lateral root formation.(Malamy, J. E. 2005)

However, Parizot et al, 2008 determinated that the specification of different pericycle cell
types is not controlled by auxin or cytokinin treatment and that their bilateral
heterogeneity already occurs in stele initials. Also these two kinds of pericycle cells
might have differences in the auxin transport system and/or auxin sensitivity. Analyses
with auxin and its inhibitor indicate that both types of pericycle cells react differentially
and even in an opposite way to lateral root-inhibiting versus lateral root-inducing

conditions.

Differentiated protoxylem element within the xylem is not required for proper pericycle
differentiation. To finish, Parizot et al.’s results suggest that pericycle and vasculature
determination in the root meristem are controlled by common mechanisms.(Parizot, Boris

et al. 2008).

3.2 Phytohormones

3.2.1. Auxins

Auxins plays an important role in many aspects of plant growth amd development,
including LR formation, embryogenesis, tropic responces to gravity and light,
maintenance of apical dominance, shoot lateral organs initiation and development,

vascular formation, and adventitious root formation (Woodward, A. W. and Bartel, B.
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2005). Auxin synthesis, conversion between active and inactive forms as well as nonpolar
and polar transport take part in the regulatory machinery. In Arabidopsis, auxin is
transported from young aerial toward the root tip through the root vascular tissues
(acropetal transport), and then TAA transported to the root tip is redirected toward the
base of the root through the outer cell layers (basipetal transport) (Fig. 1) (according to
Morris et al. 2004). Inhibition of such a transport restricts initiation of new LRP.
Basipetal polar auxin transport in the root tip also appears to influence LR emergence,

despite the fact that LRs emerge relatively far from root tips (Casimiro, Ilda et al. 2001)

Ivanchenko et al., 2006 suggested that cell-cycle activation and lateral root initiation can
be partially independent. Protoxylem-adjacent pericycles cells possess the capacity to
undergo proliferative cell division that can be related to, and, coordinated with, LR
initiation, and that the two processes are apparently auxin-dependent. The dgt mutations
uncouple these processes (Ivanchenko, M. G. et al. 2006). The DGT gene encodes a
member of cyclophilins, strongly suggesting that the peptidyl-prolyl isomerase activity of
DGT may take part in the regulation of auxin transport or in the auxin response necessary

for LR formation.(Fukaki, H. and Tasaka, M. 2009).

In addition, genetic studies using Arabidopsis mutants demonstrate that an auxin
transport system for influx and efflux is necessary for LR initiation and subsequent LR
primordium development. Influx is mediated by AUX1 and LAX (Like AUXI), and
efflux is mediated by PIN proteins (Benkova, E. et al. 2003, Casimiro, Ilda et al. 2001,
De Smet, I. et al. 2006, Fukaki, H. and Tasaka, M. 2009, Nibau, C. et al. 2008).

The bias of IAA transport in plant tissues has been attributed to highly regulated, polarly
localized efflux complexes that are characterized by the PIN family of proteins(Friml, J.
2003) PIN proteins characterize auxin efflux carrier complexes, establish the direction of
auxin flux, and contribute to localized auxin accumulations that are essential for organ
formation and overall plant polarity(Blakeslee, Joshua J. et al. 2005). PIN1 appears to be
the primary mediator of IAA movement through vascular tissues to the root tip, with
PIN3, PIN4, and PIN7 contributing to this transport in adjacent tissues in the lower
root(Blilou, Tkram et al. 2005). Once at the root tip, auxin is redistributed basipetally
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through cortical and epidermal cells in a PIN2-dependent transport stream(Benkova, Eva
et al. 2003, Blilou, Ikram et al. 2005)In the root elongation zone, PIN2, PIN3, and PIN7
mediate lateral re-direction, or ‘reflux’, of basipetally transported auxin back into the
PIN1-dependent stellar auxin transport stream(Blilou, Ikram et al. 2005, Friml, Jiri et al.
2003). Once re-directed, auxin reaches the root tip and the process is repeated, creating a

‘reflux loop’ (Blilou, Ikram et al. 2005).

Auxin maxima - ‘hot spots’ within the root arise as a result of the regulated positioning
of auxin transporters within cells, in a process conserved between lateral organ formation
in the root and in the shoot (Benkova et al., 2003). Interestingly, auxin signalling
regulates the differential positioning of auxin efflux carriers and, consequently, the
direction of auxin flow (Sauer, M. et al. 2006). This effect is mediated by the activity of
VPS29, a membrane-trafficking component that is involved in the recycling of cargo
molecules. Together with other proteins, VPS29 mediates the dynamic arrangement of
auxin efflux carriers in response to auxin (Jaillais, Y. et al. 2007). The regulated interplay
between auxin transport and signalling is critical for all stages of LR development, and

many of the signals regulating RSA impinge upon this pathway(Nibau, C. et al. 2008).

All Arabidopsis and cereal mutants affecting auxin production, transport and metabolism
have modified LR phenotypes: their involvement in LR formation has been described
extensively elsewhere(Casimiro, Ilda et al. 2003, Fukaki, H. et al. 2007, Nibau, C. et al.
2008, Woodward, A. W. and Bartel, B. 2005).

In Arabidopsis, the xylem pole pericycle cells, from which LRs arise, are smaller than
other pericycle cells, indicating differential cell cycle regulation between pericycle cell
types. It is thus suggested that the coordinated action of auxin transport and signalling,
cell cycle regulators and novel root-specific proteins is necessary for LR initiation to

occur.(Nibau, C. et al. 2008)

Auxin signalling during LR initiation is closely coupled with regulated protein
degradation. The process requires an ubiquitin-activating enzyme (E1), an ubiquitin-

conjugating enzyme (E2) and an ubiquitin-protein ligase (E3), which transfers ubiquitin
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from the E2 to the target ((Petroski MD, Deshaies RJ. 2005). Some E3 ubiquitin ligases
consist of multiprotein complexes, and SKP1-CULLIN1-F-box (SCF) E3 ligases contain

F-box protein subunits that confer specificity, binding to particular target proteins.

Aux/IAA and ARF proteins may be central to ‘reading’ auxin concentration gradients and
then translating this information into gradients of gene expression that cause
morphological and developmental patterning outputs in the plant. Both Aux/IAA and
ARF proteins function as transcriptional regulators. While members of the Aux/IAA
family are generally thought to act as repressors of auxin-induced gene expression
different ARF proteins can either activate or repress transcription. ARF proteins bind to
auxin-responsive cis-acting promoter elements (AuxREs) using an amino-terminal DNA-
binding domain (DBD). It has been hypothesized that the Aux/IAA proteins regulate
transcription by modifying ARF activity(Liscum, E. and Reed, J. W. 2002)

Auxin binding to TIR1/AFBs allows them to interact with AUX/IAA proteins and target
them for degradation. They dimerize with ARFs, later preventing from binding to
promoter elements in auxin responsive genes. Thus aux-induced degradation of
AUX/TAA enables ARFs to activate aux-responsive transcription, reviewed in (Nibau, C.

et al. 2008).

Lateral roots occurred in a regularly spaced alternating left-right pattern correlating with
gravity-induced root waving. Both responses are dependent on the auxin influx
transporter, AUX1. Furthermore, auxin responsiveness at the basal meristem oscillates in
a periodic manner, correlating with the timing of LR formation. This occurs just under
certain conditions (like the inclination of an agar proved in De Smet experiment, etc).
Internal space mechanism of LR initiation exists inside the root and this can be shifted by
gravitropic responses (De Smet, Ive et al. 2007). Observations of a lateral gradient of
auxin responsiveness with a maximum in protoxylem cells made authors believe that
auxin accumulation alone is sufficient for priming of founder cells (De Smet, Ive et al.
2007, Nibau, C. et al. 2008). However, many factors have sought to be independent of
auxin while regulating LR formation. Lucas et al., 2008 proposed a model of co-

regulation between LR formation and gravitropism,, the last concentrate auxin at a certain
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point and LR will consume it as in a pool, preventing new LR initiation until the pool had
been refilled: this would be accelerated by a new gravitropism (Lucas, M. et al. 2008).
Recently, was proved that Local production and subsequent accumulation of auxin in
single pericycle cells induced by Cre-Lox-based activation of auxin synthesis converts
them into founder cells. Thus, auxin is the local instructive signal that is sufficient for
acquisition of founder cell identity and can be considered a morphogenetic trigger in

postembryonic plant organogenesis (Dubrovsky, Joseph G. et al. 2008)
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Fig. 4 Aspects of auxin signalling during lateral root (LR) development. (a) A pulse of auxin (light grey) in the basal

ARF7/19 activation

meristem (BM) primes a pericycle cell (dark grey) to become competent to form a lateral root initial cell. (b) Cells
(white) leaving the basal meristem between cyclical auxin maxima is not specified to become LR initials. (c) The first
primed pericycle cell arrives at a point where it can initiate LR development; meanwhile another pericycle cell (dark
grey) is primed in the basal meristem by the subsequent auxin pulse. (d) Lateral root initiation begins with auxin-
induced IAA14 degradation. This allows activation of the ARF7 and ARF19 transcription factors, which activate
expression of LBD/ ASL genes. LBD/ASL proteins in turn activate cell cycle genes and cell patterning genes, enabling
formation of a new lateral root primordium (LRP). Auxin also activates transcription of NACI1 to stimulate LR
initiation, and at the same time induces expression of two ubiquitin ligases, CEGUENDO and SINATS, which feed

back to attenuate the auxin response(Nibau, C. et al. 2008).

The axr4 (auxin resistant4) mutant has auxl-like phenotypes, including reduced LR
formation and reduced root gravitropism(Hobbie, L. and Estelle, M. 1995). While
exogenous IAA and 2,4-D, which are transported into the cell by influx carriers, could

not rescue the axr4 defects, exogenous NAA, a diffusible synthetic auxin could rescue,
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strongly suggesting that AXR4 is involved in auxin influx. In fact, the mutation in the
AXR4, encoding a previously unidentified accessory protein of the endoplasmic
reticulum (ER), resulted in abnormal accumulation of AUX1 in the ER of root epidermal
cells, indicating that AXR4 is required for localization of AUX1 (Dharmasiri, S. et al.
2006).

In the gain-of-function solitary root (slr) mutant, which carries a stabilizing mutation in
the IAA14 negative regulator of auxin signalling, shows deficient early LR primordium
formation because cell division is not maintained in the pericycle (Fukaki, H. et al. 2002).
Similarly, the gain-of-function mutant massugu2 (msg2), defective in TAA19, displays a
significantly decreased LR number. IAA19 inhibits the activity of the auxin response
factor (ARF) NON-PHOTOTROPIC HYPOCOTYL 4 (NPH4)/ARF7, a positive
regulator of LR formation (Osmont, Karen S. et al. 2007b, Tatematsu, K. et al. 2004).

In wild-type plants, auxin triggers the degradation of IAA14, enabling ARF7 and ARF19
to activate transcription of LATERAL ORGAN BOUNDARIES DOMAIN/ASYMMETRIC
LEAVES LIKE (LBD/ASL) genes (Okushima, Y. et al. 2005). ARF7 also interacts with a
MYB transcription factor that provides a link among auxin, LR initiation and
environmental responses (Shin, R. et al. 2007). TAA28 is also important for LR initiation.
The gain-of function mutant iaa28 forms fewer LRs than the wild type: TAA28 is
degraded by auxin and represses auxin-induced LR-formation genes. However, 14428
mRNA levels are repressed by auxin, indicating a complex regulation of /4428 during
auxin signalling ((Dreher, K. A. et al. 2006, Rogg, Luise E. et al. 2001). The iaa28
mutant is also resistant to exogenous cytokinins and ethylene, suggesting an integration
point for other hormone pathways.(Nibau, C. et al. 2008) In contrast, iaa28-1 roots
display normal sensitivity to the phytohormones abscisic acid, methyl jasmonate, and
epibrassinolide, and iaa28-1 hypocotyls respond normally to aminocyclocarboxylic acid

over a range of concentrations(Rogg, Luise E. et al. 2001).
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Fig. 5. Auxin signaling pathway model for LR initition
and LR primordium development. Auxin signals that
are transported to the protoxylem pericycle cells
(mediated by AUX1, PINSs, etc.) promote degradation
of the Aux/IAAs (IAA14/SLR etc.) involved in LR
initiation through SCFTIR1/AFBs complexes and 26S
proteasome, resulting in the activation of
ARF7/ARF19 function, and allowing ARF7/ARF19 to
activate the target genes required for LR initiation
(LBD16/ASL18, LBD29/ASL16, and the other
targets). LBD16/ASL18 and LBD29/ASL16 are

Transcriptional regulation by LBD16/ASL18, LBD29/ASL16

PINs, GNOM-dependent polar auxin transport
Auxin responses (e.g. LRP morphogenesis by auxin-induced PUCHI)

nuclear proteins that are also involved in
transcriptional regulation for LR initiation. This
results in anticlinal cell divisions in the protoxylem
pericycle for LR initiation. Subsequent LR
primordium (LRP) development occurs through PINs,
GNOM-dependent polar auxin transport, and
morphogenesis mediated by auxin-induced PUCHI
signaling. PKL-dependent chromatin remodeling is
required for IAA14/SLR-mediated inactivation of
ARF7/ARF19 activity during LR initiation(Fukaki, H.
and Tasaka, M. 2009)

Auxin effect on LR formation is mediated by VIER F-BOX PROTEINE (VFB) F-box

proteins in Arabidopsis. VFBs may regulate auxin-induced gene expression, and

consequently LR formation, by a pathway independent of the auxin receptor TIR1

(Schwager, K. M. et al. 2007). Interestingly, auxin stimulates the transcription of

39



ubiquitin ligases that repress auxin signals, providing an elegant feedback mechanism to
maintain auxin sensitivity in the pericycle. The F-box protein CEGENDUO (CEG) is a
negative regulator of LR formation whose transcription is induced by auxin(Dong, L. et
al. 2006). Auxin in lateral root interaction is highly dependent of the ubiquitin-
proteasome pathway, both to transduce signals by degrading repressors and also to reset
the system by destroying activators when they are no longer needed. Protein degradation
allows for rapid changes in response to the ever-changing environment, as well as

providing fine-tuning to sustained signals.

As indicated above auxin acts as a central point of LR development. There are various
interactions of auxin with other regulatory elements including other phytohormones. One

of such known relationships is between auxin and ethylene.

3.2.2 Ethylene

Expression of ACC synthase, a rate-limiting enzyme for ethylene biosynthesis, is
strongly auxin inducible (Swarup, Ranjan et al. 2002). ACC inhibits both the initiation
and the elongation of lateral roots and can be reversed by auxin.(Negi, S. et al. 2008)
New works agree in that auxin not only influences ethylene homeostasis, but also vice
versa (Nibau, C. et al. 2008, Stepanova, Anna N. et al. 2007). The mechanism for the
IAA and ethylene antagonism during lateral root formation is more complex to dissect
than the synergistic action of these two hormones on root elongation. As AUXI is
expressed in the root tip, in developing lateral roots and in the shoot meristem(Marchant,
A. et al. 2002), it is not possible to determine which of these sites control the movement
of auxin needed to inhibit lateral root formation in response to ethylene. The reduced
acropetal transport in aux1 may be caused by the altered loading of auxin from the leaves

and cotyledons (Marchant et al., 2002) into the acropetal IAA transport stream. Even
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though the role of AUX1 in mediating IAA transport is complex, AUX1 is clearly tied to
ethylene-regulated root development.(Negi, S. et al. 2008)

We are learning more about other phytohormones as salicylic acid, which promotes LR
initiation, emergence and growth, possibly via crosstalk with cytokinin or auxin
(Echevarria-Machado, 1. et al. 2007). Many auxin independent signalling pathways
regulating lateral root formation are known; as example ARABIDILLO-1 and -2 which
may form ubiquitin E3 ligases (Coates, J. C. et al. 2006) or the alf4 mutant (ABERRANT
LATERAL ROOT FORMATION 4 ) a mutant case showing a complete absence of LRs
which maintains full responsiveness to auxin inhibition of primary root elongation

(DiDonato, R. J. et al. 2004).

(a) Ethylene BR (b) (c) (d)
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Fig. 6 Lateral root development in Arabidopsis shown
in longitudinal section. P, pericycle; En, endodermis;
Co, cortex; Epi, epidermis. (a) Early initiation — a
founder xylem pole pericycle cell (dark grey)
undergoes  initial  anticlinal  cell  divisions
(perpendicular to the surface of the root). (b) Periclinal
cell divisions (parallel to the surface of the root) begin
and the lateral root primordium (LRP) begins to grow.

(c) The LRP undergoes further organized -cell

divisions and begins to emerge through the outer cell
layers of the primary root, resulting in cell separation
(asterisks). (d) The new lateral root is fully emerged
and its new meristem is activated (dark grey star). It
will continue to grow and elongate. At each stage, the
effect of various key plant hormones is indicated.
ABA, abscisic acid; BR, Brassinosteroids(Nibau, C. et
al. 2008).
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3.2.3 Cytokinins

Recent studies have indicated that CK is an endogenous negative regulator of LR

formation(Fukaki, H. and Tasaka, M. 2009).

Many reports describe the inhibitory effect of cytokinins on lateral root formation. In
opposite reduced CK levels increases LR numbers. CK deficiency was also associated
with unusually close spacing of LR primordia (Malamy, J. E. 2005, Werner, T. et al.
2003). Results obtained using an ethylene-insensitive mutant and an inhibitor of ethylene
biosynthesis indicate that cytokinins exert their effects on lateral root development
independently of ethylene (Laplaze, Laurent et al. 2007).The negative CK effect on the
number of cells within the cell division zone in primary root meristems is ethylene-
independent (Kuderova, Alena et al. 2008). In spite that the inhibition of primary root
growth by cytokinins appears to be ethylene dependent (Laplaze, Laurent et al. 2007).

Cytokinins appear to perturb the formation of auxin maximum required for LRP
formation from first division on (Li, X. et al. 2006). Laplaze et al., 2007 and Kuderova
2008, suggest that cytokinins inhibit lateral root initiation by interfering either directly or
indirectly with PIN-dependent auxin distribution. They influence lateral root formation
independently of ethylene at a very early developmental stage, it seems that they interfere
with the initial asymmetric division; the early establishment of an auxin gradient is
affected, too. The authors’ results indicate that cytokinins do not block lateral root
initiation in lateral root founder cells by acting on auxin-induced cell division but rather
by inhibiting auxin-induced cell fate respecification by downregulating PIN gene
expression in Arabidopsis thaliana and thus, its transport in a complex network

regulating the root architecture.

42



A cytokinins Figure 7. Model of Cytokinin—Auxin Interaction
during Root Development. (A) Lateral root
initiation is triggered by auxin perception by
some xylem pole pericycle cells leading to an
Auxin 7% Asvmetric | | Primordium asymmetric cell division. Cytokinins do not
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respecification and cell cycle progression

(Vanneste, Steffen et al. 2005). Cell fate

respecification depends on the expression of PIN

B cytokinin auxin genes to create an auxin gradient responsible for

\ / asymmetric cell division and acquisition of LRP

identity. Cytokinins inhibit this step by

PAT
downregulating PIN gene expression (Laplaze,
Laurent et al. 2007)
Cl’l! ra["’. Cell cycle
respecification
\- J
-
Lateral root initiation

Experiments with lowered endogenous and increased exogenous CK levels (lo loio, R. et
al. 2007, Werner, T. et al. 2003), respectively) have demonstrated that CK controls the
root elongation primarily by controlling the size of the meristem rather than by changes
in cell division rate. Kuderova et al., 2008 concluded that the increase in endogenous CKs
affects root elongation by reducing the number of dividing cells in the meristem. Their
experiment demonstrates that in response to the endogenous CK overproduction, the
LRPs” growth is inhibited during developmental stages II-IV and their transition to stage
V (Kuderova, Alena et al. 2008). After finding that a negative role for CK in the
regulation of the size of root meristems (Werner et al., 2003) and that disruption of CK
signalling results in reduction of the root meristem size, too, (Ferreira, F. J. and Kieber, J.

J. 2005) came up with the hypothesis which explains the phenomenon by what is called
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supraoptimal endogenous CK levels in the root, and that later agreed with the observation
of Kunderova et al, 2008 where meristem reduction results from the ipt-dependent CK
enhancement. The CK biosynthesis is realized in LR meristems thanks to the
development-specific expression of the AtIPT genes, AtIPTS is predominantly expressed
in the LRPs (Miyawaki, K. et al. 2004) Checking in CK contents, reducing it within a
physiological limits to optimal levels (e.g. by CKX activity) would lead to an acceleration
of root growth, while a complete inhibition of CK signalling would result in reduction of
primary root growth, what correlates with a reduction in meristem size. Similarly,

overdose of the root with CK would lead to meristem reduction, too.

CK delimits the size of the root meristem by induction of cell differentiation at the
transition zone (Ioio et al. 2007). Thus, temporal a spatial specificity of CK action must
be taken into account when studying the complex regulation of formation and

maintenance of the root meristems.

Effects of enhanced CK levels on auxin distribution and the development of LRPs

CKs may participate in regulating LR development at different stages through the
regulation of distinct CK-dependent signalling pathways that might reflect both essential
developmental programs and other environmental stimuli and adaptive responses.
Endogenous and exogenous CK levels seem to be monitored by distinct A. thaliana

histidine kinases (AHKs)(Kuderova, Alena et al. 2008).

Lopez-Bucio et al, 2007 worked on alkamides, lipid-based metabolites that may regulate
meristematic activity and pericycle cell activation (Lopez-Bucio, J. et al. 2007). This

regulatory mechanism seems to involve the cytokinin receptors.

Li et al. (2006) demonstrated that CK treatment inhibits LR initiation by blocking
pericycle founder cell cycling during the G2 to M transition phase. Surprisingly,
exogenously applied auxin cannot rescue the CK-mediated inhibition of LR initiation per
se but it can rescue cell divisions (Laplaze, Laurent et al. 2007, Li, X. et al. 2006). This

indicates that CK accumulation in pericycle cells does not prevent the auxin-mediated
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activation of cell divisions but blocks the developmental program of LR

initiation(Fukaki, H. and Tasaka, M. 2009).

LRP initiation seems to depend on the primary root basipetal auxin transport (Casimiro, L.
et al. 2001, De Smet, Ive et al. 2007), while their emergence is positively influenced by
the acropetal auxin transport via the phloem(Casimiro, I. et al. 2001). New data imply
possible interference of CK with polar cell-to-cell auxin transport within developing
LRPs. But no significant effect in the maintenance of auxin distribution responsible for
stem cell organization or any obvious changes in the cell division pattern in the main root
meristem of seedlings is exhibiting the intermediate phenotype (Kuderova, Alena et al.

2008)

Similar to Arabidopsis, the legume Medicago truncatula also uses CK signalling to
inhibit LR formation. RNA interference of the CK receptor homolog Cytokinin
Responsel (MtCRE1) led to CK-insensitive roots, which had an increased number of
LRs(Gonzalez-Rizzo, S. et al. 2006), indicating a common roles for CK in higher plant
LR formation( Reviewed in Fukaki, H. and Tasaka, M. 2009)

The fact that, the responsiveness of a 3-day-old plant is greater to the transient increase of
the endogenous CK compared with a 6-day-old plant implies a possible role for CK
during primary meristem maturation together with the existence of mechanism to fine-
tune the CK level and auxin temporally at specific stages of root development. This
suggests the presence of development-specific mechanisms involved in regulation of CK
metabolism and/or signalling during the first 6d of A. thaliana development. Differences
in the specificity of inactivation of CKs by glucosylation might be one oh the factors
responsible for the development-specific sensitivity of the immature root meristems in A.
Thaliana (Kuderova, Alena et al. 2008). The molecular mechanisms that control CK
glycosylation and regulate the complex net of CK metabolism and signalling might act
differently in early and late stages and further work has to be done to fully understand

them.
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3.2.4 Gibberilins

Gibberellic acid (GA) biosynthesis has been detected in root tips of different plants and
GA signalling is indeed required for primary root growth (Fu, X. D. and Harberd, N. P.
2003, Kaneko, M. et al. 2003, Osmont, Karen S. et al. 2007b). However, a major role for
GA in root branching has never been clearly demonstrated, although GA acts
synergistically together with ethylene to promote both initiation and growth of
adventitious roots in flooded rice plants (Steffens, B. et al. 2006). Arabidopsis GA
deficient mutants have reduced primary root growth(Fu, X. D. and Harberd, N. P. 2003).
Moreover is known now that GA helps to atenuate low Pi responses(Jiang, Caifu et al.
2007) and takes part in regulation of nodules formation on pea roots (Ferguson, B. J. et

al. 2005)

3.2.5 ABA

Abscisic acid (ABA) regulates many aspects of plant growth and development, yet many
ABA response mutants present only subtle phenotypic defects, especially in the absence
of stress. By contrast, the ABA-insensitive8 (abi8) mutant, isolated on the basis of ABA-
resistant germination, also displays severely stunted growth, defective stomatal
regulation, altered ABA-responsive gene expression, delayed flowering, and male
sterility. The stunted growth of the mutant is not rescued by gibberellin, brassinosteroid,
or indole-acetic acid application and is not attributable to excessive ethylene response,
but supplementing the medium with Glc improves viability and root growth. It was found
that the ABIS-GUS fusion protein expressed under control of its own promoter is
localized primarily to the elongation zone of roots, where it accumulates in a punctuate
pattern within the cytoplasm (Brocard-Gifford, I. et al. 2004).
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The involvement of abscisic acid (ABA) in LR formation has been summarized mainly
from exogenous application and ABA related signalling mutants in Arabidopsis (Fukaki,
H. and Tasaka, M. 2009) Exogenous ABA inhibits LRP emergence prior to activation of
the LR meristem, and exogenous auxin is not able to rescue it, indicating that an ABA
sensitive, auxin-independent checkpoint is involved at the post-emergence stage (De
Smet, 1. et al. 2003)There is also genetic evidence for ABA-auxin regulatory interaction
in LR formation. The ABI3 (ABA INSENSITIVE3) gene, encoding a B3 type
transcription factor necessary for ABA signalling, is auxin-inducible in LR primordia
(Brady, S. M. et al. 2003). Mutations in ABI3 attenuate the responsiveness of LR
formation to exogenous auxin or auxin transport inhibitor. In contrast, mutations in ERA1
(ENHANCED RESPONSE TO ABA1), which encode a farnesyl transferase, increase the
number of LRs. Therefore, while exogenous ABA negatively regulates LR emergence as
mentioned above, ABA signaling mediated by ERA1 and ABI3 is necessary for auxin-
mediated LR formation (Fukaki, H. and Tasaka, M. 2009).
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Fig. 8. Hormone interactions during LR formation. LR
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mediated by ABI3 is necessary for proper auxin
responsiveness for LR initiation. Auxin also promotes
LR primordium development but CK inhibits LR
primordium development and affects auxin maxima by
altering the expression of PINs. ABA inhibits LR
emergence whereas auxin and ethylene (via high
concentrations of exogenous ACC) promotes LR
emergence. Red arrows and blue bars indicate positive
and negative

regulation during LR formation,

respectively(Fukaki, H. and Tasaka, M. 2009)
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All of the ABA response mutants in Arabidopsis are morphologically similar, in that they
are sterile and have severely stunted growth because of reduced cell elongation that is not
rescued by treatment with any known hormones or inhibitors of hormone
synthesis/response Microscopic examination of abi8 roots and hypocotyls showed that
the improved root growth on Glc reflected maintenance of the root apical meristem and
improved vascular development but that the mutant cells still were much shorter than
those of the wild type. These results suggest that the cellulose synthesis defect still
inhibits cell elongation, but tissue differentiation and overall morphology are subject to
additional regulation. abi8 growth is not only dependent on low concentrations of Glc but
also is resistant to the inhibitory effects of high Glc, suggesting a defect in sugar
signalling and/or transport. The related enzymes are generally encoded by multigene
families, with specific family members exhibiting opposite responses to sugars, such that
some are induced by feast and others by famine conditions (Koch, K. E. 1996)(Koch,
1996), and it is not clear which of the A. thaliana genes are regulated by Glc and/or ABA.
ABA might be involved in preventing production of hydrolases needed for emergence
and/or reactivation of cell cycling in postgerminative growth. (Brocard-Gifford, I. et al.
2004). This author explains that the abi8/eld1/kob1 (similar phenotypes) mutants provide
evidence linking ABA and/or Glc signalling to promotion of cellulose biosynthesis and
organizing vascular differentiation and provide an opportunity to decipher the function of

a novel essential protein and possibly a novel signalling mechanism.

(Monroe-Augustus, Melanie et al. 2003) isolated ibr5 as an Arabidopsis indole-3-butyric
acid-response mutant, but it also is less responsive to indole-3-acetic acid, synthetic
auxins, auxin transport inhibitors, and the phytohormone abscisic acid. /BR5 encodes a
257—- amino acid protein with 35% identity to known dual-specificity mitogen-activated
protein  kinase (MAPK) phosphatases. Dual-specificity phosphatases often
dephosphorylate signalling components; therefore, IBRS may modulate auxin and ABA

signal transduction pathways(Monroe-Augustus, Melanie et al. 2003), and promotes
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auxin responses through a novel mechanism distinct from TIRI-mediated Aux/IAA

repressor degradation (Strader, L. C. et al. 2008).

Because ibr5 has decreased sensitivity to auxin and ABA and is defective in an apparent
dual-specificity phosphatase, we can envision several possible roles for IBRS5. One
possibility is that IBRS dephosphorylates a single MAPK acting in a signalling pathway.
Because MAPK phosphatases inactivate MAPKs and the loss-of-function ibr5 mutants
are less responsive to auxin and ABA, this putative MAPK may normally inhibit both
auxin and ABA responses. The integration of auxin and ABA responses could be either a
direct or an indirect result of this signalling. It also is possible that IBRS has more than
one MAPK substrate. IBRS may dephosphorylate a protein or proteins not involved in a
canonical signalling pathway, and the loss of this dephosphorylation reduces sensitivity
to auxin and ABA (Monroe-Augustus, Melanie et al. 2003). On the other hand, a gain-of
function mutant in Aux/IAAs, axr2-1/iaa7 is resistant to exogenous ABA whereas the slr-
1/iaal4 mutant is hypersensitive to ABA in primary root growth inhibition assays; Fukaki
et al. 2002), suggesting that Aux/[AA-dependent auxin signalling also affects ABA
activity in the roots. Therefore, there may be several types of interactions between ABA
and auxin in auxin-mediated root growth and development(Fukaki, H. and Tasaka, M.

2009).

The inhibitory effect of NOs" is significantly reduced in several ABA insensitive mutants
(abi4 and abi5) and ABA synthesis mutants (abal, aba2 and aba3) but not in other ABA
insensitive mutants (abil, abi2 and abi3). This indicates that the inhibitory effect of NOs’
on LR development involves a specific ABA signal transduction pathway mediated by

ABI4 and ABIS in Arabidopsis roots(Fukaki, H. and Tasaka, M. 2009).
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3.2.5 Brassinosteroids

Auxin is crucial for lateral root development and lateral root emergence can be blocked
by the auxin transport inhibitor N-(1-naphthyl) phthalamic acid (NPA; Reed et al., 1998;
Casimiro et al., 2001). 2 uM NPA not only inhibited lateral root formation in wild-type
seedlings but also reduced brassinolide (BL) promotion of lateral root formation (Fig.1B).
These results imply a potential interaction between BRs and auxin in the promotion of
lateral root formation, i.e. BRs may act through auxin to activate lateral root

development(Bao, Fang et al. 2004).

GUS expression pattern in DR5::GUS transgenic seedlings facilitate the examination of
different stages of LRP, as DR5::GUS is expressed at all stages of LRP (Benkova“ et al.,
2003) and thus makes easier the identification of early LRP (Bao, Fang et al. 2004). They
found interesting that NPA almost completely suppressed BL induced increase in the
number of stage 1 LRP and that 2 uM NPA dramatically decreased the number of stage 2
to 7 LRP but slightly increased the number of stage 1 LRP. BRs regulate auxin transport,
providing a novel mechanism for hormonal interactions in plants and supporting the
hypothesis that BRs promote lateral root development by increasing acropetal auxin
transport(do not affect the overall IAA level of whole seedlings) (Bao, Fang et al. 2004).
Furthermore, these authors said that it remains possible that BR-auxin cross-talk involves
auxin action through its regulation of BR accumulation or sensitivity, and many questions

remain about the mechanisms by which BRs interact with auxin.

In rice, a casein kinase 1 gene, OsCKI, is upregulated by both brassinosteroid and
abscisic acid (ABA) and promotes lateral and adventitious root formation as well as cell
elongation. OsCKI may affect LR development by regulating endogenous auxin levels

(Liu, W. et al. 2003, Malamy, J. E. 2005).
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3.3 Modulation of root system architecture by abiotic

factors:

N, P, S, K and Fe as signals for the control of root development.

The production of nutrient-rich crops is one of major aims of biotechnology. Iron
deficiency is the most common human nutritional disorder in the world. In plant, Iron is
an important micronutrient, it is an essential cofactor for two important biological
processes, photosynthesis and nitrogen fixation, and the availability of iron greatly
influences plant physiology and morphology (Hong-Qing Ling et al. 2002) New studies
showed that the formation of root hairs in response to iron deficiency is associated with
cell-specific accumulation of transcripts that are involved in iron acquisition(Santi,

Simonetta and Schmidt, Wolfgang 2008).

One very important element, Nitrogen is one of the most abundant elements on earth.
However, It is also commonly the most limiting elements for plant growth because e of
its low availability in the soil and because nitrate, the most common form of N fertilizer,
is highly soluble in the soil solution and can be easily lost by leaching or by bacterial
denitrification (CP Vance 2001). P is the second most critical factor in determining plant
productivity because the anionic form of phosphate, in which P is assimilated by plants ,
is extremely insoluble in the soil solution.(Lopez-Bucio, J. et al. 2002). Changes in nitrate
and phosphate availability have contrasting effects on lateral root formation and
elongation (Zhang, Hanma and Forde, Brian G. 1998).Global availability and localised
supply have different effects on the root system. Not just in Arabidopsis, increasing
global nitrate availability reduces primary root elongation, whereas an increase in P
supply helps primary root elongation but the density of lateral root decreases dramatically
while increasing nitrate does almost no effect across a range. Lateral root elongation by
both high nitrate and high phosphate availability is suppressed (Drew, M. C. and Saker,
L. R. 1975, Lopez, B. C. et al. 2003).
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In plants grown on a low nitrate concentration (10 pM), exposure of a section of the
primary root to high nitrate induces a local stimulation of lateral root elongation whereas,
uniformly, high nitrate (10 mM) reduces lateral root elongation throughout the root
system(Zhang, Hanma et al. 1999). The global inhibitory effect of nitrate seems to be a
response to a nitrate sufficiency status because lateral root elongation under these
conditions is inhibited even in regions of the root system that are growing in low nitrate
concentrations. This is caused by the signalling effect of nitrate itself rather than being a
response to downstream metabolites (Zhang, Hanma and Forde, Brian G. 1998). So, NO5
signal can have two effects on LR, a localized stimulatory effect, which is mediated by 2
mediators, first, ANR1, a NO; locally inducible Arabidopsis gene to local nitrate
response, that encodes a NITRATE REGULATED-1 MADS-box transcription factor (A
MADS box is one of the well known homeotic genes), Second a systemic inhibitory
effect of high internal nitrate status. Auxin might mediate localized responses to N,
whereas ABA mediates systemic responses (Osmont, Karen S. et al. 2007a) Seven other
MADS box genes have a similar expression pattern to ANR1 under different nitrate
conditions (Gan, Y. B. et al. 2005). Metabolic mechanisms are not involved in the control
of the Arabidopsis root system to nitrate and so nitrate is perceived as a signalling

molecule.

Carnitine, an organic nitrogenous cation, induces LR formation. However , disruption of
an Arabidopsis plasma membrane-localized carnitine transporter, AtPCTI1, led to
increased root branching, local concentration of carnitine in the root may affect the C:N

ratio and hence LR development(Lelandais-Briere, C. et al. 2007).

Axr4, an auxin-response mutant can not respond to localized nitrate supplies, showing an
overlap between the auxin and nitrate responses (Zhang, Hanma et al. 1999). It was also
found that when Arabidopsis plants are grown on high ratios of sucrose to nitrogen,
lateral root initiation is almost completely inhibited, apparently by accumulation of auxin
in the hypocotyl, assessed by activity of the DRS promoter. Hence, it is tempting to

speculate that lateral root initiation is blocked under these conditions by preventing auxin
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movement from the shoot system to the root system (Malamy, J. E. and Ryan, K. S.

2001).

Some species, including barley and cedar, but not Arabidopsis are also able to respond to
a localized ammonium supply (Drew, M. C. 1975, Nibau, C. et al. 2008, Zhang, Hanma
et al. 1999). Local applications of NO;  and NO4" at a low or a high concentration had
local effects on elongation and branching of the root system. Contrasting effects of
ammonium and nitrate were observed on the apical diameter of tap-roots and lateral roots

(Boukcim, H. et al. 2006).

Van der Weele et al. (2000) used PEG to simulate water stress, and found that severe
water stress reduced lateral root numbers, potentially through reduced lateral root
initiation.(van der Weele, Corine M. et al. 2000). He found that the effects of nitrate in
nutrient media can be reproduced with the addition of mannitol (increased concentrations

of osmotica).

ABA-deficient mutants aba? and aba3 were less sensitive to mannitol repression,
indicating a critical role for ABA in this process. This is interesting because primordia in
the root system develop slowly when water is limited, perhaps due to the increases in
ABA that are associated with many osmotic responses. The repressed primordia can then
be rapidly activated when water becomes available for uptake (Malamy, J. E. 2005)
Thanks to dig3 mutant, drought inhibition of lateral root growth, authors thinks that ABA
and drought response involves factors required more generally for growth(Nibau, C. et al.

2008, Xiong, L. M. et al. 2006).

ABA plays a central role in mediating the inhibitory effect of NO;™ on lateral root
elongation (Signora, L. et al. 2001). In lotus japonicus, the CLAVATA1 homolog, HAR1
is required for shoot-controlled regulation of grow and the nitrate sensivity of symbiotic
development. HARI (HYPERNODULATION ABERRANT ROOTI1) locus have a
hypernodulation phenotype in the presence of Rhizobium and increased lateral root

formation in absence of this symbiotic bacterium. This is a yet unknown mechanism that
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integrates root and shoot signalling still not found in Arabidopsis (Krusell, Lene et al.

2002, Nishimura, Rieko et al. 2002).

Phosphate is a common limiting factor of many infertile soils. A legume, white lupin
(Lupinus albus L.) is well established in this type of low P availability soils, because
when P is insufficient, white lupin forms proteoid roots, which are clusters of short lateral
roots that arise from the pericycle and are specialized in P uptake (Johnson, J. F. et al.
1996). They secrete organic acids and phosphatases into the surrounding soul to
solubilize phosphate and aid its uptake (Nibau, C. et al. 2008, Schulze, J. et al. 2006).
When growing Arabidopsis in such conditions, its architecture resembles that of the

proteoid roots of lupins(Lopez, B. C. et al. 2003).

P also acts as a signalling molecule, locally stimulating LR elongation or as an inhibitory
effect when growing on high external concentrations. Studies suggest that this responses
may be ubiquitous in the plant kingdom (Williamson, L. C. et al. 2001). Authors analyses
have shown that low-P-grown mature roots lack a normal apex and have increased
expression of P transporter genes, by contrast, the root of high-P-grown plants have high
auxin concentrations in their meristems and their cells have high mitotic activity, which
correlates with their reduced expression of genes that encode high- affinity P
transporters(Lopez, B. C. et al. 2003). Interestingly, many root responses to phosphate
starvation are repressed by cytokinin signalling (Franco-Zorrilla, Jose Manuel et al.
2005). In addition, Pi starvation affects gibberellins signalling in roots, whereas
gibberellin can attenuate the low-Pi response (Jiang, Caifu et al. 2007, Nibau, C. et al.
2008)).Under limiting (1pM) P concentration lupins and Arabidopsis are more sensitive
to auxins in terms of the inhibition of primary root elongation and increase of lateral root
density, but also cytokinins suppress lateral root initiation.(Lopez-Bucio, J. et al. 2002).
Cytokinins repress the expression of low-P-regulated genes, suggesting that these
hormones not just control the architecture but other aspects of the low-P rescue

response(Lopez, B. C. et al. 2003).

A phosphate deficiency response (pdr) mutant that is hypersensitive to low phosphate
was isolated (Ticconi ef al. 2004). The mutant phenotype of pdr suggests that an active
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process is essential to protect root meristems against low P conditions; this protective

effect may be specific to the lateral root meristems[AS1].

Arabidopsis plans develop a highly branched root system when growing under limiting
sulphate (SO47), conditions. Lateral roots are formed closer to the root tip at increased
density. NITRILASE3 (NIT3) gene, encodes an enzyme that s able to convert indole-3-
acetonitrile to indole-3-acetic acid and is related to limiting SO, conditions, suggesting a

direct role for NIT3 in auxin synthesis and root branching (Kutz A et al. 2002).

A number of AUX/IAA genes have been implicated with a sulphur response regulatory
element, and that other hormones as ABA and cytokinin are playing a role in sulphur
deficiency responses. It have been also suggested that IAA28, auxin influx may modulate
the response to low sulphate (Maruyama-Nakashita, A. et al. 2004, Nibau, C. et al. 2008,
Nikiforova, V. J. et al. 2005).

The transcriptomic profile of potassium starved plants overlaps with sulphur starvation,
but not with nitrate starvation or phosphate starvation, and also involves changes in
jasmonate/defence signalling (Armengaud, P. et al. 2004). Interestingly, the MYB77
transcription factor provides a direct link between potassium starvation responses and

auxin signalling (Shin, R. et al. 2007).

It will be interesting to understand how these pathways work and make it possible to
apply in preparing plants for specific soils and purposes, and so find an optimized
balance. Ho, McCannon & Lynch (2003), point out that bean cultivars with shallow root
systems are better at obtaining phosphorus, which is located near soil surface, but are
therefore probably worse at obtaining water which increases with soil depth.(Ho, Melissa

D. et al. 2004)
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IV. CONCLUSIONS

As we have seen there is still a lot to study and to understand about the plants physiology.
Surely, lateral roots are great scenarios into which discover many complex interactions
between the inside/outside plant environment. The plasticity of the root system
architecture is playing a huge role in their efficient nutrient and water up-taking system. It
will be interesting to understand how these pathways work, and hopefully shortly, use
them to make possible elegant genetically-changed plants enhanced for specific soils

ready to conquer non-cultivable areas.

The roots are anchored to the substrate and can not choose their environmental
conditions. Mineral concentrations in the soil, biotic factors, compactness, porosity and
water availability influence the highly regulated pathways cross-talked with
phytohormones signals among many others substances. Roots can sense their internal
necessities, they aren’t isolated from the shoot system, on the contrary the can react very
fast to their inside immediate nutrient status, and to external factors as, light, pathogens,

gases, etc, acting over the surface.

The field of lateral root development is evolving rapidly. In spite that several processes
haven’t been cleared, scientists and laics are already trying to improve and adapt

profitable plants to available environments and optimize their production.

With a better understanding of those complicated pathways and mechanisms, we will be

helping ourselves in many other fields.

57



Reference List

Armengaud,P., Breitling,R., and Amtmann,A. (2004) The potassium-dependent transcriptome of
Arabidopsis reveals a prominent role of jasmonic acid in nutrient signaling. Plant Physiology
136:2556-2576.

Bao,F., Shen,J., Brady,S.R., Muday,G.K., Asami,T., and Yang,Z. (2004) Brassinosteroids Inferact with
Auxin to Promote Lateral Root Development in Arabidopsis. Plant Physiol. 134:1624-1631.

Barlow, P. W. Polarity in roots In polarity in plants (Lindey, k.) oxford: blackwell publishing, pp. 192-
104 In Ivanchenko et al, 2006. In lvanchenko et al, 2006 . 2004.

Beeckman,T., Burssens,S., and Inze,D. (2001) The peri-cell-cycle in Arabidopsis
61. J.Exp.Bot. 52:403-411.

Bell,J.K. and McCully,M.E. (1970) A histological study of lateral rooft initiation and development in
Zea mays IN Esau, 1965. Protoplasma 70:179-205.

Benfey,P.N. (2005) Developmental networks. Plant Physiology 138:548-549.
Benfey,P.N. and Scheres,B. (2000) Root development. Current Biology 10:R813-R815.

Benkova,E., Michniewicz,M., Sauver,M,, Seifertova,D., Jirgens,G., Friml,J., and Teichmann,T. (2003)
Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation. Cell
115:591-602.

Benkova,E., Michniewicz,M., Sauver,M., Teichmann,T., Seifertova,D., Jorgens,G., and Friml,J. (2003)
Local, Efflux-Dependent Auxin Gradients as a Common Module for Plant Organ Formation. Cell
115:591-602.

Blakely, L. M., .J.Rodaway, .B.Hollen, and S.G.Croker. Control and kinetics of branch root formation
in cultured root segments of Haplopappus ravenii. Plant Physiol. 50, 35-42. 1972.
Ref Type: Generic

Blakely,L.M., Durham,M., Evans,T.A., and Blakely,R.M. (1982) Experimental Studies on Lateral Root
Formation in Radish Seedling Roots. I. General Methods, Developmental Stages, and Spontaneous
Formation of Laterals. Botanical Gazette 143:341.

Blakeslee,J.J., Peer,W.A., and Murphy,A.S. (2005) Auxin fransport. Current Opinion in Plant Biology
8:494-500.

Blilou,l., Xu,J., Wildwater,M., Willemsen,V., Paponov,l., Friml,J., Heidstra,R., Aida,M., Palme K., and
Scheres,B. (2005) The PIN auxin efflux facilitator network controls growth and patterning in
Arabidopsis roots. Nature 433:39-44.

Bonnett H.T. (1949) Cortical cell death during lateral root formation. Journal of Cell Biology 40:144-
159.

Boukcim,H., Pages,L., and Mousain,D. (2006) Local NO3- or NH4+ supply modifies the root system
architecture of Cedrus atlantica seedlings grown in a split-root device. Journal of Plant Physiology
163:1293-1304.

58



Brady,S.M., Sarkar,S.F., Bonetta,D., and McCourt,P. (2003) The Abscisic Acid Insensitive 3 (Abi3)
Gene Is Modulated by Farnesylation and Is Involved in Auxin Signaling and Lateral Root
Development in Arabidopsis IN Brocard-Gifford, I. et al. 2004. Plant Journal 34:67-75.

Brocard-Gifford,l., Lynch,T.J., Garcia,M.E., Malhotra,B., and Finkelstein,R.R. (2004) The Arabidopsis
Thaliana Abscisic Acid-Insensitive8 Locus Encodes A Novel Protein Mediating Abscisic Acid and
Sugar Responses Essential for Growth. Plant Cell 16:406-421.

Byrne,J.M. (1973) The root apex of Malva sylvestris. lll. Lateral root development and the quiescent
center. American Journal of Botany 60:
657-662.

Casero,P., Casimiro,l., and Lloret,P. (1996) Pericycle proliferation pattern during the lateral root
initiation in adventitious roots ofAllium cepa. Protoplasma 191:136-147.

Casero,P.J., Casimiro,l., and Lloret,P.G. (1995) Lateral root initiation by asymmetrical transverse
divisions of pericycle cells in four plant species: Raphanus sativus, Helianthus annuus, Zea mays,
and Daucus carota

91. Protoplasma 188:49-58.

Casero,P.J., Casimiro,l., Rodriguez-Gallardo,L., Martin-Partido,G., and Lloret,P.G. (1993) Lateral root
initiafion by asymmetrical fransverse divisions of pericycle cells in adventitious roots of Allium cepa.
Protoplasma 176:138-144.

Casimiro,l., Marchant,A., Bhalerao,R.P., Beeckman,T., Dhooge,S., Swarup,R., Graham,N., Inzg,D.,
Sandberg,G., Casero,P.J., and Bennett,M. (2001) Auxin fransport promotes arabidopsis lateral root
initiation. Plant Cell 13:843-852.

Casimiro,l., Beeckman,T., Graham,N., Bhalerao,R., Zhang,H., Casero,P., Sandberg,G., and
Bennett,M.J. (2003) Dissecting Arabidopsis lateral root development. Trends in Plant Science 8:165-
171.

Casimiro,l., Marchant,A., Bhalerao,R.P., Beeckman,T., Dhooge,S., Swarup,R., Graham,N., Inze,D.,
Sandberg,G., Casero,P.J., and Bennett,M. (2001) Auxin Transport Promotes Arabidopsis Lateral Root
Initiation

67. Plant Cell 13:843-852.

Charlton WA. Latferal root inifiation in plant rootfs/ The hidden hald(ed. Waisel, Y, Eshel, A and
Kajkafi, U. in Malamy and Benfey, 1977. m [Marcel Dekker inc.], 107-128. 1991.
Charlton WA. Lateral root initiation In Ivanchenko et al, 2006. 1996.

Ref Type: Report

Cheng,J.C., Seeley,K.A., and Sung,Z.R. (1995) RmI1 and Rml2, Arabidopsis Genes Required for Cell-
Proliferation at the Root-Tip. Plant Physiology 107:365-376.

Coates,J.C., Laplaze,L., and Haseloff,J. (2006) Armadillo-related proteins promote lateral root
development in Arabidopsis. In Nibau et al, 2008. Proceedings of the National Academy of
Sciences of the United States of America 103:1621-1626.

CP Vance (2001) Symbiotic nitrogen fixation and phosphorus acquisition. Plant nutrition in a world
of declining renewable resources. Plant Physiol. 127:390-387.

Davidson,D. (1965) Cytological chimeras in roots of Vicia faba. Bot.Gaz. 126:149-154.

59



De Smet,l., Signora,L., Beeckman,T., Inze,D., Foyer,C.H., and Zhang,H.M. (2003) An abscisic acid-
sensifive checkpoint in lateral root development of Arabidopsis
3. Plant Journal 33:543-555.

De Smet,l., Vanneste,S., Inze,D., and Beeckman,T. (2006) Lateral root initiation or the birth of a new
meristem. Plant Molecular Biology 60:871-887.

De Smet,l., Tetsumura,T., De Rybel,B., Frey,N.F.d., Laplaze,L., Casimiro,l., Swarup,R., Naudts,M.,
Vanneste,S., Audenaert,D., Inze,D., Bennett,M.J., and Beeckman,T. (2007) Auxin-dependent
regulation of lateral root positioning in the basal meristem of Arabidopsis. Development 134:681-
690.

Demchenko,N.P. and Demchenko,K.N. (2001) Resumption of DNA synthesis and cell division in
wheat roofs as related to lateral root initiation
54. Russian Journal of Plant Physiology 48:755-763.

Dharmaisiri,S., Swarup,R., Mockaitis K., Dharmasiri,N., Singh,S.K., Kowalchyk,M., Marchant,A., Mills,S.,
Sandberg,G., Bennett,M.J., and Estelle, M. (2006) AXR4 is required for localization of the auxin influx
facilitator AUX1. Science 312:1218-1220.

DiDonato,R.J., Arbuckle,E., Buker,S., Sheets,J., Tobar,J., Totong,R., Grisdfi,P., Fink,G.R., and
Celenza,J.L. (2004) Arabidopsis ALF4 encodes a nuclear-localized protein required for lateral root
formation. The Plant Journal 37:340-353.

Dong,lL., Wang,L., Zhang,Y., Zhang,Y.S., Deng,X.W., and Xue,Y.B. (2006) An auxin-inducible f-box
protein CEGENDUO negatively regulates auxin-mediated lateral root formation in Arabidopsis. In
Nibau et al, 2008. Plant Molecular Biology 60:599-615.

Dreher,K.A., Brown,J., Saw,R.E., and Caillis,J. (2006) The Arabidopsis Aux/IAA protein family has
diversified in degradation and auxin responsiveness, IN Nibau et al, 2008. Plant Cell 18:699-714.

Drew,M.C. (1975) Comparison of Effects of A Localized Supply of Phosphate, Nitrate, Ammonium
and Potassium on Growth of Seminal Root System, and Shoot, in Barley. NEW PHYTOL 75:479-490.

Drew,M.C. and Saker,L.R. (1978) Effects of Direct Drilling and Plowing on Root Distribution in Spring
Barley, and on Concenfrations of Extractable Phosphate and Potassium in Upper Horizons of A Clay
Soil. Journal of the Science of Food and Agriculture 29:201-206.

Drew,M.C. and Saker,L.R. (1975) Nutrient Supply and Growth of Seminal Root System in Barley .2.
Localized, Compensatory Increases in Lateral Root Growth and Rates of Nitrate Uptake When
Nitrate Supply Is Restricted to Only Part of Root System. J.Exp.Bot. 26:79-90.

Dubrovsky,J. and Rost,T.L. (2003) Lateral root initiation. In Encyclopedia of apllied plant Sciences(
Thomas B.;Murphy and Murray. pp. 1101-1107.

Dubrovsky,J.G., Gambetta,G.A., Hernandez-Barreraq,A., Shishkova,S., and Gonzalez,l. (2006) Lateral
Rooft Initiation in Arabidopsis: Developmental Window, Spatial Patterning, Density and
Predictability. Ann.Bot.(Lond). .

Dubrovsky,J.G., Rost,T.L., Colon-Carmona,A., and Doerner,P. (2001) Early primordium
morphogenesis during lateral root inifiation in Arabidopsis thaliana. Planta. 214:30-36.

Dubrovsky,J.G., Sauer,M., Napsucialy-Mendivil,S., Ivanchenko,M.G., Friml J., Shishkova,S.,

Celenza,J., and Benkov+i,E. (2008) Auxin acts as a local morphogenetic trigger to specify lateral
root founder cells. Proceedings of the National Academy of Sciences 105:8790-8794.

60



Echevarria-Machado,l., Escobedo-GM,R.M., and Larque-Saavedra,A. (2007) Responses of
fransformed Catharanthus roseus roots to fernftomolar concentrations of salicylic acid. In Nibau et
al, 2008. Plant Physiology and Biochemistry 45:501-507.

Esau K. (1965) Vascular differetiation in plants. (New York, Holt, Rinehart and Winston..

Ferguson,B.J., Ross,J.J., and Reid,J.B. (2005) Nodulation phenotypes of gibberellin and
brassinosteroid mutants of pea. Plant Physiology 138:2396-2405.

Ferreira,F.J. and Kieber,J.J. (2005) Cytokinin signaling. IN Kunderova et al 2008. Current Opinion in
Plant Biology 8:518-525.

Franco-Zorrilla,J.M., Martin, A.C., Leyva,A., and Paz-Ares,J. (2005) Interaction between Phosphate-
Starvation, Sugar, and Cytokinin Signaling in Arabidopsis and the Roles of Cytokinin Receptors
CRE1/AHK4 and AHKS3. Plant Physiology 138:847-857.

Friml,J. (2003) Auxin transport - Shaping the plant. Current Opinion in Plant Biology é:7-12.

Friml J., Vieten,A., Sauer,M., Weijers,D., Schwarz,H., Hamann,T., Offringa,R., and Jurgens,G. (2003)
Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. Nature 426:147-153.

Fu,X.D. and Harberd,N.P. (2003) Auxin promotes Arabidopsis root growth by modulating gibberellin
response. Nature 421:740-743.

Fukaki,H., Okushima,Y., and Tasaka,M. (2007) Auxin Mediated Lateral Root Formation in Higher
Plants. In International Review of Cytology
A Survey of Cell Biology, W.J.Kwang, ed Academic Press), pp. 111-137.

Fukaki,H., Tameda,S., Masuda,H., and Tasaka,M. (2002) Lateral root formation is blocked by a gain-
of-function mutation in the SOLITARY-ROOT/IAA14 gene of Arabidopsis
46. Plant Journal 29:153-168.

Fukaki,H. and Tasaka,M. (2009) Hormone interactions during lateral root formation. Plant Molecular
Biology 69:437-449.

Gan,Y.B., Filleur,S., Rahman,A., Gotensparre,S., and Forde,B.G. (2005) Nutritional regulation of ANRI
and other rootf-expressed MADS-box genes in Arabidopsis thaliana. Planta 222:730-742.

Gonzalez-Rizzo,S., Crespi,M., and Frugier,F. (2006) The Medicago truncatula CRE1 cytokinin
receptor regulates lateral root development and early symbiotic interaction with Sinorhizobium
melilofi. In fukaki and Tasaka, 2009. Plant Cell 18:2680-2693.

Himanen, K., Boucheron,E., Vanneste,S., Engler,J.D., Inze,D., and Beeckman,T. (2002) Auxin-
mediated cell cycle activation during early lateral root initiation, In Malamy 2005. Plant Cell
14:2339-2351.

Ho,M.D., McCannon,B.C., and Lynch,J.P. (2004) Optimization modeling of plant root architecture
for water and phosphorus acquisition. Journal of Theoretical Biology 226:331-340.

Hobbie,L. and Estelle,M. (1995) The Axr4 Auxin-Resistant Mutants of Arabidopsis-Thaliana Define A

Gene Important for Root Gravitropism and Lateral Root Initiation. In Osmond et al, 2007. Plant
Journal 7:211-220.

Hochholdinger,F., Woll K., Sauer,M., and Dembinsky,D. (2004) Genetic dissection of root formation
in maize (Zea mays) reveals root-type specific developmental programmes. Ann Bot 93:359-368.

61



Hong-Qing Ling, Petra Bauer, Zsolt Bereczky, Beat Keller, and Martin Ganal (2002) The fomato fer
gene encoding a bHLH protfein controls iron-uptake responses in roots. Plant Physiol. 99:13938-
13943.

Hou GC, Hill JP Blancaflor EB. Developmental anatomy and auxin response of lateral root formation
in Ceratopteris richardii. Journal of Experimental Botany 55, 685-693. 2004. OXFORD UNIV PRESS,
GREAT CLARENDON ST, OXFORD OX2 6DP, ENGLAND.

Ref Type: Generic

Ivanchenko,M.G., Coffeen,W.C., Lomax,T.L., and Dubrovsky,J.G. (2006) Mutations in the
Diageotropica (Dgf) gene uncouple patterned cell division during lateral rooft inifiation from
proliferative cell division in the pericycle. Plant Journal 46:436-447.

Jaillais,Y., Santambrogio,M., Rozier,F., Fobis-Loisy,l., Miege,C., and Gaude,T. (2007) The retromer
protein VPS29 links cell polarity and organ initiafion in plants. Cell 130:1057-1070.

Jiang,C., Gao,X,, Liao,L., Harberd,N.P., and Fu,X. (2007) Phosphate Starvation Root Architecture
and Anthocyanin Accumulation Responses Are Modulated by the Gibberellin-DELLA Signaling
Pathway in Arabidopsis IN Nibau et al, 2008. Plant Physiology 145:1460-1470.

Johnson,J.F., Vance,C.P., and Allan,D.L. (1996) Phosphorus Deficiency in Lupinus albus (Altered
Lateral Root Development and Enhanced Expression of Phosphoenolpyruvate Carboxylase). Plant
Physiology 112:31-41.

K.Chapman, E. P. Groot S. A. Nichol and T. L. Rost. Primary Root Growth and the Pattern of Root Apical
Meristem Organization are Coupled. 28-3-2003.

Kaneko,M., ltoh,H., Inukai,Y., Sakamoto,T., Ueguchi-Tanaka,M., Ashikari,M., and Matsuoka,M.
(2003) Where do gibberellin biosynthesis and gibberellin signaling occur in rice plants2 Plant Journal
35:104-115.

Karas, I. and McCully, M. E. Further studies of the histology of lateral root development in Zea mays.
Protoplasma 77, 243-269. 1973.

Katherine Esau. Anatomy of seed plants 2nd edition. 1965.

Koch,K.E. (1996) Carbohydrate-modulated gene expression in plants. IN Brocard-Gifford, I. et al.
2004. Annual Review of Plant Physiology and Plant Molecular Biology 47:509-540.

Krusell,L., Madsen,L.H., Sato,S., Aubert,G., Genua,A., Szczyglowski,K., Duc,G., Kaneko,T., Tabata,S.,
de Bruijn,F., Pajuelo,E., Sandal,N., and Stougaard,J. (2002) Shoot control of root development and
nodulation is mediated by a receptor-like kinase. Nature 420:422-426.

Kuderova,A., Urbankova,l., Valkova,M., Malbeck,J., Brzobohaty,B., Nemethova,D., and Hejatko,J.
(2008) Effects of Conditional IPT-Dependent Cytokinin Overproduction on Root Architecture of
Arabidopsis Seedlings. Plant Cell Physiol. 49:570-582.

Kutz A, Muller A, Henning P, Kaiser WM, Piotrowsky M, and Weiler EW (2002) A role for nitrilase 3 in the
regulation of root
morphology in sulphur-starving Arabidopsis thaliana. Plant Journal 30:95-106.

Laplaze,L., Benkova,E., Casimiro,l., Maes,L., Vanneste,S., Swarup,R., Weijers,D., Calvo,V., Parizot,B.,
Herrera-Rodriguez,M.B., Offringa,R., Graham,N., Doumas,P., Friml J., Bogusz,D., Beeckman,T., and

62



Bennett,M. (2007) Cytokinins Act Directly on Lateral Root Founder Cells to Inhibit Root Initiation.
Plant Cell 19:3889-3900.

Laskowski,M.J., Williams,M.E., Nusbaum,H.C., and Sussex,l.M. (1995) Formation of lateral root
meristems is a two-stage process. Development 121:3303-3310.

Lelandais-Briere,C., Jovanovic,M., Torres,G.A.M., Perrin,Y., Lemoine,R., Corre-Menguy,F., and
Hartmann,C. (2007) Disruption of AtOCT1, an organic cation transporter gene, affects root
development and carnitine-related responses in Arabidopsis. Plant Journal 51:154-164.

Li,X., Mo,X.R., Shou,H.X., and Wu,P. (2006) Cytokinin-mediated cell cycling arrest of pericycle
founder cells in lateral rooft initiation of Arabidopsis. Plant Cell Physiol. 47:1112-1123.

Liscum,E. and Reed,J.W. (2002) Genetics of Aux/IAA and ARF action in plant growth and
development In Nibau et al, 2008. Plant Molecular Biology 49:387-400.

Liu,W., Xu,Z.H., Luo,D., and Xue H.W. (2003) Roles of OsCKI1, arice casein kinase |, in root
development and plant hormone sensitivity. Plant Journal 36:189-202.

Lloret,P.C., Pulgarin,A., Casimiro,l., Casero,P.J., and Molina,M. (1998) Effect of a treatment with
naphthaleneacetic acid on the arrangement of lateral roots in onion (Allium cepa L.): General
pattern and coordination between ranks. Botanica Acta 111:55-61.

Lloret,P.G., Casero,P.J., PULGARIN,A., and NAVASCUES,J. (1989) The Behaviour of Two Cell
Populations in the Pericycle of Allium cepa, Pisum sativum, and Daucus carota During Early Lateral
Root Development. Ann Bot 63:465-475.

lo loio,R., Linhares,F.S., Scacchi,E., Casamitjana-Martinez,E., Heidstra,R., Costantino,P., and
Sabatini,S. (2007) Cytokinins determine Arabidopsis root-meristem size by controlling cell
differentiation. In Laplaze et al, 2007. Current Biology 17:678-682.

Lopez,B.C., Cruz-Ramirez,A., and Herrera-Estrella,L. (2003) The role of nutrient availability in
regulating root architecture. Current Opinion in Plant Biology 6:280-287.

Lopez-Bucio,J., Hernandez-Abreu,E., Sanchez-Calderon,L., Nieto-Jacobo,M.F., Simpson,J., and
Herrera-Estrella,L. (2002) Phosphate availability alters architecture and causes changes in hormone
sensifivity in the Arabidopsis root system

39. Plant Physiol. 129:244-256.

Lopez-Bucio,J., Millan-Godinez,M., Mendez-Bravo,A., Morquecho-Contreras,A., Ramirez-Chavez,E.,
Molina-Torres,J., Perez-Torres,A., Higuchi,M., Kakimoto,T., and Herrera-Estrella,L. (2007) Cytokinin
receptors are involved in alkamide regulation of root and shoot development in arabidopsis. Plant
Physiology 145:1703-1713.

Lucas,M., Godin,C., Jay-Allemand,C., and Laplaze,L. (2008) Auxin fluxes in the root apex co-
regulate gravitropism and lateral root initiation. In Nibau, et al, 2008. J.Exp.Bot. 59:55-66.

Macleod,R.D. and Mclachlan,S.M. (1975) The development of large primordia inVicia faba L.:
Some cytological and anatomical changes. Protoplasma 85:291-304.

Malamy,J.E. (2005) Infrinsic and environmental response pathways that regulate root system
architecture. Plant, Cell and Environment 28:67-77.

Malamy,J.E. and Benfey,P.N. (1997) Organization and cell differentiation in lateral roots of
Arabidopsis thaliana
18. Development 124:33-44.

63



Malamy,J.E. and Ryan,K.S. (2001) Environmental regulation of lateral root initiation in Arabidopsis
53. Plant Physiol. 127:899-909.

Marchant,A., Bhalerao,R., Casimiro,l., Eklof,J., Casero,P.J., Bennett,M., and Sandberg,G. (2002)
AUX1 Promotes Lateral Root Formation by Facilitating Indole-3-Acetic Acid Distribution between
Sink and Source Tissues in the Arabidopsis Seedling. Plant Cell 14:589.

Maruyama-Nakashita,A., Nakamura,Y., Yamaya,T., and Takahashi,H. (2004) Regulation of high-
affinity sulphate transporters in plants: towards systematic analysis of sulphur signalling and
regulation. J.Exp.Bot. 55:1843-1849.

McCully, M. E. the development of LR. IN the development and function of roofts ( Torrey, J.G. and
Clarkson D.T) In Ivanchenko, 2006. 105-125. 1975. New York; Academic Press.
Ref Type: Report

Miyawaki,K., Matsumoto-Kitano,M., and Kakimoto,T. (2004) Expression of cytokinin biosynthetic
isopentenyltransferase genes in Arabidopsis: tissue specificity and regulation by auxin, cytokinin,
and nitrate. In Kunderova et al, 2008. Plant Journal 37:128-138.

Monroe-Augustus,M., Zolman,B.K., and Bartel,B. (2003) IBRS5, a Dual-Specificity Phosphatase-Like
Protein Modulating Auxin and Abscisic Acid Responsiveness in Arabidopsis. THE PLANT CELL 15:2979-
2991.

Nacry,P., Canivenc,G., Muller,B., Azmi,A., Van Onckelen,H., Rossignol,M., and Doumas,P. (2005) A
role for auxin redistribution in the responses of the root system architecture to phosphate starvation
in Arabidopsis. Plant Physiology 138:2061-2074.

Negi,S., Ivanchenko,M.G., and Muday,G.K. (2008) Ethylene regulates lateral root formation and
auxin transport in Arabidopsis thaliana. Plant Journal 55:175-187.

Nibau,C., Gibbs,D.J., and Coates,J.C. (2008) Branching out in new directions: the confrol of root
architecture by lateral root formation. NEW PHYTOL 179:595-614.

Nikiforova,V.J., Daub,C.O., Hesse H., Willmitzer,L., and Hoefgen,R. (2005) Integrative gene-
metabolite network with implemented causality deciphers informational fluxes of sulphur stress
response. J.Exp.Bot. 56:1887-18%6.

Nishimura,R., Hayashi,M., Wu,G.J., Kouchi,H., Imaizumi-Anraku,H., Murakami,Y., Kawasaki,s.,
Akao,S., Ohmori,M., Nagasawa,M., Harada,K., and Kawaguchi,M. (2002) HAR1 mediates systemic
regulation of symbiotic organ development. Nature 420:426-429.

Okushima,Y., Overvoorde,P.J., Arima,K., Chan,A., Chang,C., Hughes,B., Lui,A., Nguyen,D.,

Onodera,C., Quach,H., Smith,A., Yu,G., Theologis,A., Alonso,J.M., and Ecker,J.R. (2005) Functional
genomic analysis of the AUXIN RESPONSE FACTOR gene family members in Arabidopsis thaliana:
Unique and overlapping functions of ARF7 and ARF19. In Nibau et al, 2008. Plant Cell 17:444-463.

Oparka,K.J., Prior,D.A.M., and Wright,K.M. (1995) Symplastic Communication Between Primary and
Developing Lateral Roots of Arabidopsis-Thaliana. J.Exp.Bot. 46:187-197.

Osmont,K.S., Sibout,R., and Hardtke,C.S. (2007a) Hidden Branches: Developments in Root System
Architecture. Annu.Rev.Plant Biol. 58:93.

Osmont,K.S., Sibout,R., and Hardtke,C.S. (2007b) Hidden Branches: Developments in Root System
Architecture. Annual Review of Plant Biology 58:93-113.

64



Parizot,B., Laplaze,L., Ricaud,L., Boucheron-Dubuisson,E., Bayle,V., Bonke,M., De Smet,l.,
Poethig,S.R., Helariutta,Y., Haseloff,J., Chriqui,D., Beeckman,T., and Nussaume,L. (2008) Diarch
Symmetry of the Vascular Bundle in Arabidopsis Root Encompasses the Pericycle and Is Reflected
in Distich Lateral Root Initiation. Plant Physiol. 146:140-148.

Pazourek J. and Votrubova O. (1997) Atlas of Plant Anatomy. Prague: PERES Publishers.

Peterson R.L. (1979) Root buds in Hieracium florentinum: effects of nitrogen and observations on
bud outgroth. In E. Husakova Bc. Bot.Gaz. 140:407-413.

Peterson, R. L. Differentiation and maturation of primary tissues in white mustard root tips. Canadian
Journal of Botany 45, 319-331. 1967.
Ref Type: Generic

Peterson, R. L. and Peterson, C. A. Onfogeny and anatomy of lateral roots. In New root formation in
Plants and cuttings(Jackson, MB., Ed.) in Ivanchenko et al, 2006. 1-30. 1986.
Ref Type: Report

Petroski MD,D.RJ. (2005) Function and regulation of cullin-RING ubiquitin ligases. In Nibau et al ,
2008. Nature Reviews. 6:9-20.

Pophan, R. A. Levels of tissue differentiation in primary roots of Pisum sativum. Riopel, Studies on the
root of Musa acuminata. American Journal of Botany 42, 529-540. 1955.
Ref Type: Generic

Riopel J.L. (1964) Studies on the roots of Musa acuminata. I. The anatomy and development of
main roofs. Ann.Bot.(Lond). 28:475-490.

Rogg,L.E., Lasswell J., and Bartel,B. (2001) A Gain-of-Function Mutation in IAA28 Suppresses Lateral
Root Development
75. Plant Cell 13:465-480.

Santi,S. and Schmidt,W. (2008) Laser microdissection-assisted analysis of the functional fate of iron
deficiency-induced root hairs in cucumber. J.Exp.Bot. 59:697-704.

Saver,M., Balla J, Luschnig C, ,W.J., and reinohl V,F.J.B.E. (2006) Canalization of auxin flow by
Aux/IAA-ARF dependent feedback regulation of PIN polarity. In Nibau et al ,2008(branching out in
new directions). Genes & Development 20:2911.

Schade,C. and von Guttenberg,H. (1951) +£ber die Entwicklung des Wurzelvegetations-Punktes der
Monokotyledonen. Planta 40:170-198.

Scheres,B., Wolkenfelt,H., Terlou,M., Lawson,E., Dean,C., and Weisbeek,P. (1994) Embryonic origin of
the Arabidopsis primary root and root meristem initials. In Laskowski et al, 1995. Development
120:2487.

Schulze,J., Temple,G., Temple,S.J., Beschow,H., and Vance,C.P. (2006) Nitrogen fixation by white
lupin under phosphorus deficiency. Ann Bot 98:731-740.

Schwager,K.M., Calderon-Villalobos,L.I.A., Dohmann,E.M.N., Willige,B.C., Knierer,S., Nill,C., and
Schwechheimer,C. (2007) Characterization of the VIER F-BOX PROTEINE genes from Arabidopsis
reveals theirimportance for plant growth and development. In Nibau et al, 2008. Plant Cell
19:1163-1178.

Seago, J. L. Developmental anatomy in roots of Ipomoea purpurea. I. Radicle and primary root. Il.
Initiation and development of secondary roots.American Journal of Botany 60. 607-618. 1973.

65



American Journal of Botany 58, 604-615.
Ref Type: Generic

Seago,J.L. and MARSH,L.C. (1990) Origin and development of lateral roots in typha-glauca.
American Journal Of Botany 77:713-721.

Shin,R., Burch,A.Y., Huppert, K.A., Tiwari,S.B., Murphy,A.S., Guilfoyle,T.J., and Schachtman,D.P. (2007)
The Arabidopsis transcription factor MYB77 modulates auxin signal tfransduction. Plant Cell 19:2440-
2453.

Signora,lL., De Smet,l., Foyer,C.H., and Zhang,H.M. (2001) ABA plays a central role in mediating them
regulatory effects of nitrate on root branching in Arabidopsis. Plant Journal 28:655-662.

Steffens,B., Wang,J.X., and Sauter,M. (2006) Interactions between ethylene, gibberellin and abscisic
acid regulate emergence and growth rate of adventitious roots in deepwater rice. Planta 223:604-
612.

Stepanova,A.N., Yun,J,, Likhacheva,A.V., and Alonso,J.M. (2007) Muliilevel Interactions between
Ethylene and Auxin in Arabidopsis Roots. Plant Cell 19:2169-2185.

Strader,L.C., Monroe-Augustus,M., and Bartel,B. (2008) The IBR5 phosphatase promotes Arabidopsis
auxin responses through a novel mechanism distinct from TIR1-mediated repressor degradation. In
Fukaki and Tasaka 2009. Bmc Plant Biology 8.

Street, H. E and Roberts E.H. Factor controlling meristematic activity in exciced root. I. Experiments
showing the operation of internal factor. Physiologia Plantarum 5, 498-509. 1952.
Ref Type: Generic

Swarup K., Benkova,E., Swarup,R., Casimiro,l., Peret,B., Yang,Y., Parry,G., Nielsen,E., De Smet,l.,
Vanneste,S., Levesque,M.P., Carrier,D., James,N., Calvo,V., Ljung K., Kramer,E., Roberts,R.,
Graham,N., Marillonnet,S., Patel K., Jones,J.D.G., Taylor,C.G., Schachtman,D.P., May,S.,
Sandberg,G., Benfey,P., Friml, J., Kerr,l., Beeckman,T., Laplaze L., and Bennett,M.J. (2008) The auxin
influx carrier LAX3 promotes lateral root emergence. Nature Cell Biology 10:946-954.

Swarup,R., Parry,G., Graham,N., Allen,T., and Bennett,M. (2002) Auxin cross-talk: intfegration of
signalling pathways to control plant development. Plant Molecular Biology 49:409-424.

Tatematsu K., Kumagai,S., Muto,H., Sato,A., Watahiki,M.K., Harper,R.M., Liscum,E., and
Yamamoto,K.T. (2004) MASSUGU2 encodes Aux/IAA19, an auxin-regulated protein that functions
together with the transcriptional activator NPH4/ARF7 to regulate differential growth responses of
hypocotyl and formation of lateral roots in Arabidopsis thaliana. Plant Cell 16:379-393.

van der Weele,C.M,, Spollen,W.G., Sharp,R.E., and Baskin,T.l. (2000) Growth of Arabidopsis thaliana
seedlings under water deficit studied by control of water potential in nutrient-agar media.
J.Exp.Bot. 51:1555-1562.

Van Thieghem,P. and Douliot,H. (1888) Recherches comparatives sur %origine des membres
endogénes dans les plantes vasculaires. Annales Des Sciences Naturelles( Botanique) 8:660.

Vanneste,S., De Rybel,B., Beemster,G.1.S., Ljung,K., De Smet,l., Van Isterdael,G., Naudis,M., lida,R.,
Gruissem,W., Tasaka,M., Inze,D., Fukaki,H., and Beeckman,T. (2005) Cell Cycle Progression in the
Pericycle Is Not Sufficient for SOLITARY ROOT/IAA14-Mediated Lateral Root Initiation in Arabidopsis
thaliana. IN Laplaze et al, 2007. Plant Cell 17:3035-3050.

Werner,T., Motyka,V., Laucou,V., Smets,R., Van Onckelen,H., and Schmulling,T. (2003) Cytokinin-
deficient transgenic Arabidopsis plants show multiple developmental alterations indicating

66



opposite functions of cytokinins in the regulation of shoot and root meristem activity. Plant Cell
15:2532-2550.

Williamson,L.C., Ribrioux,S.P.C.P., Fitter,A.H., and Leyser,H.M.O. (2001) Phosphate availability
regulates root system architecture in Arabidopsis. Plant Physiology 126:875-882.

Woodward,A.W. and Bartel,B. (2005) Auxin: Regulation, action, and interaction. Ann Bot 95:707-735.

Xiong,L.M., Wang,R.G., Mao,G.H., and Koczan,J.M. (2006) Identification of drought tolerance
determinants by genetic analysis of root response to drought stress and abscisic acid. Plant
Physiology 142:1065-1074.

Zhang,H. and Forde,B.G. (1998) An Arabidopsis MADS Box Gene That Controls Nutrient-Induced
Changes in Root Architecture. In Nibau, 2008. Science 279:407-409.

Zhang,H., Jennings,A., Barlow,P.W., and Forde,B.G. (1999) Dual pathways for regulation of root
branching by nitrate In Lopez,B.C, 2003. Proceedings of the National Academy of Sciences of the
United States of America 96:6529-6534.

[17 http://en.wikipedia.org/wiki/Cassavaticite_note-0 Phillips, T. P. (1983). An overview of cassava consumption and
production. In Cassava Toxicity and Thyroid; Proceedings of a Workshop, Ottawa, 1982 (International Development
Research Centre Monograph 207¢). pp. 83-88 [F. Delange and R. Ahluwalia. editors]. Ottawa. Canada: International
Development Research Centre.

67



