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Abstract In this review, the anatomy of indeterminate le-
gume root nodule is briefly summarized. Next, the indeter-
minate nodule meristem activity, organization and cell
ultrastructure are described in species with a distinct nodule
meristem zonation. Finally, the putative primary endoge-
nous factors controlling nodule meristem maintenance are
discussed in the context of the well-studied root apical
meristem (RAM) of Arabidopsis thaliana.

Keywords Meristem maintenance - Stem cells - Rhizobia-
legume symbiosis

1 Introduction

The soil bacteria collectively termed rhizobia are able to
induce the formation of special symbiotic organs, the root
nodules, in the root hair extension zone of their host plants.
Initial stages of the symbiosis involve complex processes of
mutual recognition, root colonization and invasion which
occur nearly simultaneously in the rhizosphere, at the rhi-
zoplane and within the host root (Foucher and Kondorosi
2000). Outside of the root, rhizobia recognize the host
plant’s presence and migrate towards its roots. Next at the
rhizoplane they colonize the emerging root hairs and pene-
trate their wall to become internalized by the host. At the
same time, the competent cells of the root are activated by
transmissible rhizobial morphogens, the Nod factors, and re-
enter the cell cycle. The activated cells are located just
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beyond the rhizodermis (Genisteae) or in the pericycle and
in the inner cortical layers (Trifolieae, Vicieae), depending
on the host species. The activated cells undergo ordered
mitoses and thus form a nodule primordium. If a particular
primordium is not aborted via the nodule number autoregu-
lation mechanism (Mortier et al. 2012), the maintenance of
primordial mitotic activity in a predetermined position leads
later on to the establishment of a nodule meristem. In
numerous Fabaceae, the nodule meristem is of indetermi-
nate nature. Potentially, such meristems are able to function
through the whole existence of the relevant organ. The so-
called indeterminate nodules (the correct term “nodules with
indeterminate growth meristem” would be awkward) occur
in Lathyrus, Pisum and Vicia (tribe Vicieae; classification
after Sprent 2001), Medicago, Melilotus and Trifolium
(Trifolieae), Robinia (Robinieae), Astragalus (Galegae),
and also in Genisteae as Lupinus, Genista, Sarothamnus,
Cytisus, to name just the most common genera.

2 Anatomy of indeterminate nodules

Generally, the root nodule is built up of three types of
tissues: meristematic, vascular and parenchymatic ones;
the latter tissues can be grouped into a few types of cortical
parenchyma and the very distinct, centrally-located
bacteroid-containing tissue. In mature indeterminate nod-
ules (Fig. la-c), five developmental zones are recognized
(Timmers et al. 2000; Vasse et al. 1990) resulting from
prolonged activity of the nodule meristem:

* nodule meristem (zone I), which produces cells for the
formation of all nodule tissues and for its self-
maintenance; the meristem is rhizobia-free in most species,

+ infection zone (=infection thread penetration zone, zone
1), where the cells cease divisions due to the penetration
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Fig. 1 a-c Representations of cylindrical root nodules. Fig. /a: Gener-
alized anatomical features of a nodule that developed from an infection
opposite a phloem pole: I — nodule meristem is uninfected, discrete cell
domains add cells for growth of various nodule tissues, II - infection
thread penetration zone, II/IIl — interzone II/11I rich in large amyloplasts,
III — N, fixation zone, IV — senescence zone, V — saprophytic zone.
Zones 1I-V represent stages of differentiation of the bacteroid-containing
tissue. This tissue is surrounded with cortical layers: parenchymatous
outer cortex (OC) of non-specialized cells, cortical endodermis (CE),
which is a monolayer of lignified cells that together with specialized cells
located within the inner cortex (IC) contribute to the maintenance of
microoxic conditions necessary for nitrogenase activity. CE is continuous
with the root endodermis. Vascular system of the nodule consists of inner
cortex-located vascular bundles (NVB) that bifurcate from a vascular
trace (NVT), which connects the nodule with the root vascular tissues.
The bifurcation, which usually occurs close to the base of the bacteroid-
containing tissue, has been omitted in the drawing to show that apical
NVB portions are connected with the nodule meristem. NVT and NVB
differ in ultrastructure and genesis since NVB extension is effected by the
nodule meristem without participation of the root pericycle. NVT and

of infection threads; here the rhizobia are released from
infection threads and after endocytotic internalization
differentiate into bacteroids,

» interzone II/III, where a rapid increase in starch content
occurs; here the bacteroid-containing tissue undergoes
the final stages of differentiation,

* N, fixation zone (=differentiated zone, zone III), here
the bacteroids enclosed within perisymbiont membranes
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NVB are sheathed in a vascular endodermis (VE, not to the scale)
continuous with the root endodermis and of similar ultrastructure. The
details of NVT and NVB histological structure are not shown and the root
anatomy is not labeled. Fig. /b: The connection between root stele and
nodule vascular system of a type common in Vicieae and frequent in
Trifolieae (nodule vasculature in sagittal view, abbreviations as in Fig.
la). Such connections are formed in the nodules that develop from an
infection opposite a xylem pole. The nodule vascular trace (NVT) that
originates from the pericycle at the root protoxylem is short and some-
what extended axially; at its proximal and distal side two vascular bundles
(NVB) differentiate, their bifurcation is effected by the nodule meristem
(not shown). Fig. Ic: Generalized anatomical features in a nodule variant
typical for Genisteae. la — non-infected portion of nodule meristem
which adds cells for growth of nodule cortical tissues and extends the
NVB, Ib — infected portion of nodule meristem which adds cells for
growth of bacteroid-containing tissue, II* — differentiation zone in
bacteroid-containing tissue. Note a distinct NVT, which is the result of
the origin of bacteroid-containing tissue from a sub-rhizodermal cell.
Bifurcation of nodule vascular bundles omitted as in /a. Fig. 1b adapted
from Bond (1948)

derived from the plasma membrane of the host cell
(symbiosomes) actively catalyse the reduction of N, to
NH,',

» senescence zone (zone 1V), where the in legumes from
the inverted repeat-lacking clade (IRLC) terminally-
differentiated bacteroids are no longer able to fix nitro-
gen and where once the bacteroids are degraded, the host
cell enters a degradation pathway,
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» saprophytic zone (zone V), where dead cells of the
host are colonized by rod-shaped rhizobia originat-
ing from the nodule apoplast (mostly from infection
threads). These rhizobia, after a period of saprotrophic
life in the host apoplast, return to the soil after nodule
decomposition.

All the above mentioned zones are parts of the so-called
central zone or central tissue, which corresponds to the
bacteroid-containing tissue of the root nodule, with the
exception of the nodule meristem. The central zone is sur-
rounded with multilayered and functionally-complex corti-
cal tissues containing a system of bifurcating vascular
bundles. It is not the authors’ intention to elaborate on the
subject of nodule anatomy. The papers by Brown and Walsh
(1994, 1996), Guinel (2009a, b), Pate et al. (1969) or
Lotocka (2008Db, c) are recommended to a reader interested
in the details of the nodule cortical or vascular tissue.

3 Organization and ultrastructure of indeterminate
nodule meristem

3.1 Cylindrical nodules of Vicieae, Trifolieae, Robinieae
and Galegae

Typical indeterminate nodules are ovoid in shape due to the
apical location of theirs meristems (Fig. 1). The ovoid shape
is lost in older nodules, which are branched as a result of
meristem division. The distal face of the meristem is pro-
tected by a non-specialized thin parenchymatic tissue
(Figs. 2, 3). Meristem width and thickness depend on the
species and the current growth ratio of the nodule. The
meristem is devoid of intercellular spaces and composed
of cells that are small, rich in cytoplasm and with numerous
small vacuoles (e.g. Astragalus sinicus in Figs. 2, 3) and
Lotocka et al. (1997) and Newcomb (1981).

Within the nodule meristem, the provascular meristems are
distinct (the authors hesitate to name them procambial strands,
as they differ from typical procambial strands, such as those
found close to the shoot apical meristem; e.g. McGahan
1955); they allow the elongation of the nodule vascular bun-
dles in accordance with nodule growth. Their cells differ from
the other meristematic cells in their elongated shape and radial
arrangement around the nodule longitudinal axis (Figs. 3, 4, 5).
When examined in longitudinal section, the meristematic api-
ces of nodule bundles taper rapidly to a few founder cells
(Fig. 3) located within the lateral part of the nodule meristem.

Ultrastructurally, the cells of a cylindrical nodule meri-
stem are not atypical in comparison to cells of other mer-
istems (Newcomb 1981). As such, they have thin primary
walls, and their organelles are few and in an undifferentiated
state. Their nucleoplasmic index (the quotient of the nuclear
volume divided by the cytoplasm volume) is relatively high.
Depending on the host plant, the vacuolar side of tonoplast
may be associated with osmiophilic globules and it has been
proposed that such globules are of phenolic origin (Nielson
and Griffith 1978).

In older nodules of numerous host species, the meristem
divides. How this occurs remains to be studied, but the visible
result is the presence of non-infected, differentiating cells
where the median part of the meristem used to be (Fig. 6).
The meristem is “bisected” by these cells and because the
mitotic activity in each “half” is maintained, two independent-
ly growing meristems arise. In time, their activity results in the
bifurcation of the nodule (Figs. 7, 8). This phenomenon may
occur repeatedly leading to fan-like or coralloid nodule shape
(Corby 1981; Corby et al. 1983) depending on the orientation
of the successive meristem divisions.

3.2 Genisteae: lupinoid nodules

Lupinus luteus and other lupines evidently contrast with the
above description of root nodule meristem,with respect to

Fig. 2 Meristem in indeterminate cylindrical root nodule of Astraga-
lus sinicus. Cells marked with asterisks were recently penetrated by
infection threads which are visible in the section. These cells adjoin the
proximal boundary of the zone I. The meristem (M) thickness is
indicated with arrows and its width with rosettes. Provascular meristem

(PVM) is diagonally cut, its apex is beyond this section. The paren-
chymatic outer cortex (OC) protects the meristem. Semithin section
stained with azure a and methylene blue, bright field photograph. Bar
represents 100 pm
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Figs. 3, 4, 5 Provascular
meristems (rosettes) are an
integral part of the nodule
meristem (M). Fig. 3:
Astragalus sinicus root nodule
apex. Asterisks — vascular
endodermis layer, large arrows
— founder cells of provascular
meristem. Fig. 4, 5: two
transversal sections of the same
nodule of Trifolium repens, the
second one is cut close to the
proximal face of the nodule
meristem. Double arrowheads
— layer of differentiated
cortical endodermis. Common
labels: OC — outer cortex,
arrowheads — infection
threads in the cells adjoining
nodule meristem, white rosettes
— differentiating cells of
bacteroid-containing tissue.
Semithin sections stained with
azure a and methylene blue,
bright field photograph. Bars
represent 100, 300, and

300 pm, respectively

both meristem formation and meristem organization and
ultrastructure. In lupinoid nodule primordia ca. 10 days post
inoculation, the infected cells located distally and centrally
differentiate while lateral cells remain meristematic. Thus,
the lateral (in relation to the bacteroid-containing tissue)
position of the nodule meristem is established (Lotocka et
al. 2000), to be maintained during the next stages of nodule
functioning. At this stage, the meristem has a ring-like shape
and entirely encircles the differentiating bacteroid-containing
tissue. As the bacteroid-containing tissue expands, the meri-
stem cells differentiate locally in several points in coordination
with the developing nodule vasculature; thereafter, the single
ring-like nodule meristem is divided into several lateral mer-
istems (Lotocka 2008b; c). The number of these meristems
equals the number of vascular bundles in a young nodule, but
the number of meristems maintained throughout a particular
nodule depends on the growth conditions affecting this nodule,
including the space available for nodule growth on a root. If the
nodule develops in a root portion devoid of other nodules, all
the initial meristems (ca. 6) grow and may divide in due time
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resulting in a dozen or so meristems in a 2-3 months old
nodule. In such a nodule, the meristems produce bacteroid-
containing tissue lobes of similar size and the nodule expands
in every direction, gradually encompassing the root. However,
if the nodule is located in close vicinity to another one, its
mitotic activity ceases in meristems located within “colliding”
distance of neighboring nodule. A single meristem may be
maintained in a nodule developing within a dense nodule
cluster, and in extreme cases, the meristematic growth may
cease entirely in nodules completely surrounded by neighbor-
ing ones. For obvious reasons, a similar phenomenon does not
occur in cylindrical nodules.

In L. luteus nodules, the nodule meristem consists of 2—4
layers of outer non-infected cells and inner infected ones.
The thickness of the non-infected part of the meristem is
rather constant, and the thickness of the infected one
depends on the nodule age, growth conditions of the partic-
ular meristem, and plant fitness. The divisions of the nodule
meristem infected cells (and their subsequent differentia-
tion) result in the expansion of the bacteroid-containing
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Figs. 6, 7, 8 Division of nodule meristem and resulting growth of the
nodule. Fig. 6 and 8: Robinia pseudoacacia, 13 weeks after inocula-
tion; 7: Genista tinctoria, 8 weeks after inoculation (dark coloration of
the nodules and roots is due to anthocyanins present in some individ-
uals of this species). OC — outer cortex, M or narrow white arrow —
nodule meristem, white asterisk — location of differentiating cells
between meristems, black arrow — non-branched root nodule, white
arrow — branched nodule. Fig. 6: semithin section stained with azure
a and methylene blue, bright field photograph. Fig. §: paraffin section
stained with safranin and fast green, bright field photograph. Bars
represent 300 pm, 2 mm, 1 mm, respectively

tissue. The divisions of non-infected cells lead to the growth
of a multilayered nodule cortex, in concert with the increase
of the volume of the bacteroid-containing tissue. The non-
infected part of the nodule meristem is integrated with the
apical (meristematic) parts of the nodule vascular bundles
(Lotocka 2008b; c).

The yellow lupine nodule meristem contains cells with
varying levels of ploidy (2C-8C) and the frequency of the
cells exhibiting higher DNA levels tends to decrease as the
nodule ages (Olszewska and Legocki 1989). In that study, it
was not determined whether the non-infected and infected
zones of the nodule meristem differ with regard to the
distribution of cell nuclei of different ploidy levels. The
zones, however, differ visibly as to their ultrastructure
(based on the authors’ own observations and Golinowski
et al. 1987, 1992). Non-infected meristem cells are

vacuolated, and electron-dense phenolic deposits and glob-
uli are abundantly associated with the inner face of their
tonoplast. Within the cytoplasm of both meristematic cell
types, numerous long cisternae of rough endoplasmic retic-
ulum stand out. The cisternae often fold around a cytoplas-
mic domain containing visibly more ribosomes. Ribosome-
enriched domains are more frequent in the infected cells.
The formation of such folds may be the preliminary stage of
the development of protein-containing vacuoles. Such
vacuoles, one per cell, are a very conspicuous feature of
mature bacteroid-containing tissue cells in L. [uteus
(Golinowski et al. 1987). The most characteristic component
of infected cell ultrastructure is the symbiosome. In distal
meristematic cells, the number of symbiosomes is small. In
the central sections of such cells undergoing mitosis, usually
up to a dozen symbiosomes are visible at the karyokinetic
spindle poles. Proportionally to the distance of the infected
cell to the meristem “apex”, the number of symbiosomes
increases rapidly due to their multiplication. Within the sym-
biosomes present in the meristematic cells, bacteroids are
usually elongated, of a slightly irregular shape, with ribo-
somes uniformly distributed within their cytoplasm and an
electron-dense, fibrillar genophore. Another constant feature
of meristematic infected cells in Lupinus is the occurrence of a
non-identified material surrounded by a group of several
symbiosomes. The material consists of electron-dense grains
of blurred outline different from ribosomes (see in Lotocka
2008a, Figs. 57 and 82). These may represent cytosolic
complexes of host cell enzymes, supplying some substan-
ces (proteins?) necessary for symbiosome functioning
(divisions?). These structures are unique for lupines and not
observed beyond their nodule meristem. In the cells soon to
cease meristematic activity (located on the proximal side of
the meristem), the vacuolar system changes in a contrasting
manner dependent on the cell developmental programme: i) in
the infected cells, all vacuoles are eliminated with the excep-
tion of a single vacuole filled with fine-fibrillar material; i) the
non-infected meristematic cells become more vacuolated.

3.3 Genisteae: cylindrical nodules

Within the Genisteae tribe, genera other than lupines, pro-
duce cylindrical nodules. The meristems of their nodules
exhibit a mixture of traits characteristic of the apical meri-
stem of typical cylindrical nodules like those of Astragalus
and of the lateral meristem of lupinoid nodules. In temperate
Genisteae, specifically in Sarothamnus scoparius (Sajnaga
et al. 2001; Lotocka 2008a), Genista tinctoria (Kalita et al.
2006; Lotocka 2008a), Lembotropis nigricans, Chamaecy-
tisus ratisbonensis and Ulex europaeus (Lotocka 2008a) the
nodule meristem takes a course of development similar to
that seen in Trifolium (compare Fig. 9 in this paper and Fig.
11 in Lotocka et al. 1997), resulting in its apical position in
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the mature nodules. However, its organization resembles
that seen in Lupinus sp. with two distinct zones of meriste-
matic cells (Fig. 10). The 3—4 layered outer zone of non-
infected cells adjoins the inner part of the meristem, which
consists exclusively of infected cells.

Within the non-infected meristematic layer, the inner and
outer cells differ in the prevailing plane of division. The inner
cells (i.e. the cells that adjoin the infected portion of the
meristem) divide anticlinally within the distal part of the
meristem, and periclinally within the lateral part. The outer
non-infected meristematic cells divide periclinally and pro-
duce a protective layer of parenchyma that covers the distal

Fig. 9, 10 Cylindrical nodules of Genisteae. Fig. 9: the nodule pri-
mordium in Ulex europaeus. The meristem (M) of a nodule primordi-
um is located laterally to the differentiating infected cells (white
rosette). The meristematic vascular connection (black rosette) extends
from the root stele towards the primordium meristem. Fig. /0: nodule
meristem in Lembotropis nigricans. Arrowheads point to the cell walls
at the interface of the outer (non-infected) and inner (infected) cells of
the nodule meristem. Since Genisteae do not form infection threads,
the proximal face of the meristem is impossible to define precisely on a
light micrograph. Double arrowheads point to the outer limit of the
meristem, which is recognizable due to the presence of intercellular
spaces. IC — inner cortex, rosette — provascular meristem. Semithin
sections stained with azure a and methylene blue, bright field photo-
graph (Fig. 9) or differential interference contrast (DIC; Fig. 10). Bars
represent 300 pm
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face of the meristem. Within the infected part of the nodule
meristem, the cells divide in various planes. However, in some
species transverse divisions prevail resulting in a file-like
arrangement of daughter cells. Often, spatulate nodules are
observed with a flattened apex. In such nodules, the meristem
is very wide and its infected part is already separated into
longitudinal lobes with layers of non-infected cells. This or-
ganization of the apical portion of the nodule is typical for the
early stage of nodule branching. As in Lupinus, the meriste-
matic parts of the nodule vascular bundles are integrated with
the non-infected layers of nodule meristem. In rapidly grow-
ing nodules, meristematic cells of both types (infected and
non-infected) are little vacuolated within the distal part of the
meristem. The proximal meristematic cells usually contain
more vacuoles, which in S. scoparius and U. europaeus (but
not in the other species studied) accumulate on the proximal
side of the cells. The non-infected and infected meristematic
cells are ultrastructurally similar to the correspondent cells in
L. luteus, with the exception of the above-mentioned features
unique to lupine.

As shown, much is known about the developmental
anatomy and ultrastructure of the indeterminate nodule mer-
istem. But how is this meristematic activity maintained by
the host plant?

4 QC and stem cells maintenance in RAM of Arabidopsis
thaliana

By definition, the meristem of indeterminate growth type
functions through the whole existence of the relevant organ.
However, the indeterminate growth is just a possibility that
is not implemented to the full extent or perpetually. The
activity and also the very existence of an indeterminate
meristem is controlled by multitude of factors that may be
roughly divided into endogenous (i.e. transcription factors,
signal peptides, phytohormones) and exogenous (growth
conditions: light, temperature, nutrients availability, herbi-
vores etc). Of primary importance are the endogenous factors
and among them the “most primary” are those involved in the
maintenance of a meristem organizing centre and stem cells.
Most data on indeterminate meristem control have been
provided by studies on the shoot apical meristem (SAM)
and root apical meristem (RAM) of Arabidopsis thaliana. In
SAM and RAM of this species, initial cells (stem cells) and
relevant organizing centers were identified long ago. Much
knowledge has been amassed concerning the mechanism of
equilibrium maintenance between contrasting functions of
these indeterminate meristems — self-renewal of stem cells
and production, by the very same stem cells, of daughter
cells for histogenesis. Central to the mechanism is the orga-
nizing center (OC) in the SAM and its equivalent in the
RAM — the quiescent center (QC). Specifically in RAM of
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A. thaliana, the QC is surrounded by a monolayer of stem
cells for root stele, root cortex, lateral root cap+rhizodermis
or columella (see the recent excellent review by Cederholm
et al. 2012). The disappearance of the QC, which can be
induced experimentally (e.g. by ablation), results in the loss
of transmissible signals that “inform” stem cells about their
identity; further, due to the loss of stem cell identity, RAM
cells undergo differentiation and the meristem disappears.
Among the regulatory elements crucial for the maintenance
of QC and RAM stem cells, the best-studied are the tran-
scription factors SHORT ROOT (SHR; Benfey et al. 1993;
Lucas etal. 2011), PLETHORA1 and PLETHORA2 (PLT]1,
2; Aida et al. 2004), SCARECROW (SCR; DiLaurenzio et
al. 1996; Sabatini et al. 2003), WUSCHEL-related homeo-
box (WOX; Sarkar et al. 2007) and several peptides from
the CLAVATA-LIKE (CLE) family (Casamitjana-Martinez
et al. 2003). Another key element of the mechanism is the
information carried by the polar auxin flow from the older
parts of the root, facilitated by the differential location of
auxin efflux proteins of PIN family (Cederholm et al. 2012).
The overlapping activity of these factors provides positional
information for the stem cell niche, which is necessary for
the maintenance of stem cell identity.

5 Meristem maintenance in indeteminate nodules:
answers wanted

In stark contrast to the RAM control mechanism, the data on
functional aspects of root nodule meristem are very sparse,
mostly due to the scarcity of relevant molecular studies.

After analysis of the cell lineages in the serial sections of
nodule meristem, it is possible to trace the stem cells of the
nodule vascular bundles (Lotocka 2008b). However such an
analysis does not allow researchers to identify the stem cells
of the bacteroid-containing tissue or the nodule cortical
layers. This results from the fact that in the nodule meristem,
the cell arrangement is not regular in contrast to that in the
RAM, where the longitudinal cell lineages merge gradually
to point at their stem cells. Therefore in the nodule meri-
stem, the existence and location of a putative QC (or an
organizing center of a different type) or stem cells must be
investigated by molecular methods (i.e. specific expression
of genes active in an OC or QC).

The structural resemblance between nodule meristem and
RAM or SAM is low, but since numerous control elements
were found to be common or very similar for both RAM and
SAM (Sarkar et al. 2007; Stahl and Simon 2010), it may be
assumed that during the evolution of rhizobia-legume sym-
biosis these elements were recruited to control indeterminate
nodule meristem. Taking into consideration that different
factors are crucial for the proper functioning of different
portions of the RAM, i.e. QC, stem cells, their meristematic

progeny and transitory cells exiting the meristem (Shishkova
et al. 2008), it is reasonable to assume that the mechanism of
indeterminate nodule meristem maintenance is no less com-
plex than that of the RAM. As mentioned, the very funda-
mental factor for RAM is the existence of QC together with
the surrounding stem cells. Therefore, the activity of genes
influencing QC cell or stem cell identity is expected to be at
the core of the nodule meristem maintenance mechanism,
while the activity of genes controlling the cell cycle or influ-
encing the switch between the meristematic/differentiating
pathways may be crucial for the control of nodule meristem
size.

6 Symbiotic mutants

Potentially, much knowledge could be gained from studies
of nodule meristem maintenance in symbiotic mutants that
are available in considerable number, e.g. mutants of Pisum
sativum (e.g. Sidorova and Shumnyi 2003) or of the legume
model species M. truncatula (Pislariu et al. 2012). However,
papers seldom focus on the meristem of any nodules formed
by the mutants and studies lack molecular “depth” aimed at
the meristem. In numerous cases when a decrease or cessa-
tion of meristematic activity has been found in mutant
nodules, the mutation affects not nodule meristem mainte-
nance per se, but the nodule primordium stage (e.g. Lohar et
al. 2006) or the process of nodule number autoregulation
(e.g. Markwei and LaRue 1997).

Currently, a single mutant has been well described with a
defect probably close to the core of nodule meristem con-
trol. The homeotic P. sativum mutant cochleata, in addition
to exhibiting changes in leaf formation and fertility, produces
dichotomously branching nodules (with nitrogen fixation ac-
tivities not affected), and their nodule meristems form multiple
structures resembling calli or lateral roots (Ferguson and Reid
2005). It is suggested that the defect consists of a loss of
identity by the nodule meristem stem cells.

Another interesting mutant has been found in M. trunca-
tula (Bright et al. 2005). In this species, a factor influencing
the long-term function of the nodule meristem may be the
product of the LATD gene. In /atd mutants, the nodule
meristem, as well as the RAM of tap root and lateral roots
is gradually consumed. In contrast to what is seen in the
cochleata mutant, in the nodules of the latd mutant rhizobia
released from infection threads do not differentiate into
bacteroids and consequently nitrogen fixation is severely
affected. The LATD gene encodes a transporter belonging
to the NRT1(PTR) family. Members of the NRT1(PTR)
family transport nitrate, di- and tri-peptides (Tsay et al.
2007; Jeong et al. 2004), hormones (Kanno et al. 2012)
and glucosinolates (Nour-Eldin et al. 2012), and M. trunca-
tula NIP/LATD gene encodes a protein of unclear function
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in planta that demonstrates high-affinity nitrate transport in
Xenopus laevis oocytes (Salehin et al. 2013). The transport-
er is expressed in RAM and root nodule meristem, but its
function (or involvement in QC maintenance) is not known
beyond its dependence on auxin, cytokinin and abscisic acid
(Yendrek et al. 2010). Obviously, both the mutants men-
tioned above are promising but further studies are needed to
determine the processes by which they affect nodule meri-
stem function.

7 Analysis of promoter activity

An attempt to show the action of several promoters specif-
ically active in QC and stem cells of 4. thaliana in the root
nodule meristem of M. truncatula was reported by Wan and
collaborators in one of the chapters of his PhD thesis available
on-line at the Wageningen University site http://edepot.wur.nl/
44753 (Wan 2007). The promoters of WOX5, AtQC25 (QC
marker 25; Sabatini et al. 1999), PLT1, PLT2 and SCR were
used in the study. Vectors containing AtWOX5::GUS,
AtQC25::GUS, AtPLT2::GUS and AtSCR::GUS constructs
were introduced into M. truncatula A17 through Agrobacte-
rium rhizogenes-mediated transformation. Three weeks later,
the resulting hairy roots were inoculated with Sinorhizobium
meliloti 2011 to induce the development of nodules. All the
mentioned 4. thaliana promoters were found to be active in
the nodule, specifically in the meristem cells positioned in a
ring at the periphery of the meristem. Two domains of activity
were recognized; one domain was located at the apices of the
provascular meristems, and the other included non-
provascular peripheral meristem cells. The meristem apex
was free of any detectable promoter activity. According to
this source, the domains correspond to the nodule meristem
QC but this seems doubtful for a few reasons. First, to use the
term QC, the low frequency of mitoses has to be shown in the
domains. Second, in these peripheral locations, the nodule
meristem cells are already determined as to their developmen-
tal pathways (vascular, cortical or bacteroid-containing) and
such developmental determination is a feature of stem cells
rather than QC cells. Third, it is possible that the authors were
examining senescent nodules which had slowed or al-
ready lost their meristematic activity. This doubt emerges
from a lack of information, one wonders what was the age of
the nodules examined and what was their nitrogen fixation
status (i.e., their metabolic “fitness”). Any factors impairing
nitrogen fixation efficiency increase senescence processes in
the nodule (see e.g., Vance et al. 1980), including the loss of
meristem function as in the case of nodules induced by
defective rhizobia (see e.g., Hirsch et al. 1983). Despite
all reservations, the work by Wan (2007) is a very
important step towards understanding the root nodule
meristem.
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8 Phytohormones

Apparently, all meristem control points involve the action of
phytohormones. It is important to remember that the origin
of the phytohormones detectable in nodules is not known;
furthermore it is unclear to what extent both partners in the
symbiosis participate in the production of these phytohor-
mones. These compounds can be imported via the vascular
system from the other plant organs, they can be produced by
the host within the nodule (meristem) and they can also be
synthesized by the rhizobia (for the latter, see Pii et al.
2007). Both in nodule primordia and in mature nodules of
Lupinus albus and M. truncatula, aldehyde oxidase (EC
1.2.3.1) activity was detected (Fedorova et al. 2005). This
enzyme catalyzes the last stage of IAA biosynthesis. The
activity was located in the nodule meristem of both species
and also in the zone Il of Medicago truncatula nodule (in
Lupinus sp. nodules this zone is absent, as lupines do not
form infection threads). By means of immunolocalization,
high levels of IAA were shown in the same nodule zones.
Presumably, auxin is at least synthesized in the nodule and
this is performed by both partners of the symbiosis.

Both the presence of auxin and the direction of its trans-
port (polar auxin flow), which per se carries positional
information for the cells and participates in the creation of
auxin distribution pattern, affects developmental processes.
In A. thaliana, the polar auxin flow is achieved by means of
asymmetric cellular location of AtPIN1, AtPIN2, AtPIN3,
AtPIN4 and AtPIN7 proteins at the plasma membrane,
where they act as auxin efflux proteins (Petrasek and Friml
2009). The differential distribution of various PINs within a
meristem results in specific auxin distribution pattern. Nine
PIN proteins (MtPIN1 to MtPIN10) are expressed in shoots
and nodulating roots of M. truncatula, and the expression of
MtPIN2 (an AtPIN2 homolog) is root-specific (Schnabel
and Frugoli 2004). Huo et al. (2006) proved that MtPIN2
is present in the root nodule. The Arabidopsis homolog of
this plasma-membrane protein is located in the apical por-
tion of the RAM protodermal cells and therefore mediates
the upward flow of auxin to the elongation zone (Petrasek
and Friml 2009). In the cortical layer of RAM cells, the
location of AtPIN2 is reversed in proximal and distal por-
tions of the meristem. Unfortunately, no data on the precise
subcellular location of MtPIN2 are available yet. Also, there
are no data on the occurrence of the other PINs in root
nodules. A map of polar auxin transport within a root nodule
similar to that known for RAM or SAM does not exist yet.

9 Cell cycle control

The maintenance of the nodule meristem involves also a
control of the cell division ratio, as the mitotic activity of the
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stem cells has to be linked to the “fitness” of the plant and its
ability to support nitrogen fixation. Thus, the activity of
genes coding for proteins controlling the cell cycle has to
be regulated in nodule meristem, including putative stem
cells. In several legume species, cyclins are known that are
differentially expressed during nodule organogenesis
(Foucher and Kondorosi 2000; Kondorosi et al. 2002;
Roudier et al. 2003). In L. luteus, Cyc3 and Cyc4 are active
during the formation of nodule primordia, and later Cycl
and Cyc2 are active in the meristem of mature nodules
(Deckert et al. 1996; Jelenska et al. 2000). In M. truncatula
a cyclin was identified which may have nodule-specific
activity: CycD3 was localized to nodule zones I and II,
and its expression in zone I suggests a role in nodule
meristem maintenance (Foucher and Kondorosi 2000).
Concerning the search for stem cells in the nodule meristem,
the studies cited here are not precise enough to discriminate
among different portions of this meristem.

10 Conclusion

The knowledge concerning molecular organogenesis and
molecular organography of A. thaliana SAM and RAM is
considerable and, although far from complete, a point has
been reached where scientists obtain more answers rather
than generate more questions. It is time to use this knowl-
edge to investigate apical meristems of different species and
less standard meristems. The model legume M. truncatula
seems ideal as the next species to be investigated in depth,
with its open RAM type (Heimsch and Seago 2008), in
contrast to the closed RAM type of A. thaliana, and its
ability to form unique symbiotic organs. The most promis-
ing way to understand the persistence of the nodule meri-
stem is to test the activity of primary control factors known
from A. thaliana apical meristems.
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