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Characterization of Transcriptome Remodeling during
Cambium Formation Identifies MOL7 and RULT As
Opposing Regulators of Secondary Growth
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Abstract

Cell-to-cell communication is crucial for the development of multicellular organisms, especially during the generation of
new tissues and organs. Secondary growth—the lateral expansion of plant growth axes—is a highly dynamic process that
depends on the activity of the cambium. The cambium is a stem cell-like tissue whose activity is responsible for wood
production and, thus, for the establishment of extended shoot and root systems. Attempts to study cambium regulation at
the molecular level have been hampered by the limitations of performing genetic analyses in trees and by the difficulty of
accessing this tissue in model systems such as Arabidopsis thaliana. Here, we describe the roles of two receptor-like kinases,
REDUCED IN LATERAL GROWTH1 (RUL1) and MORE LATERAL GROWTH1 (MOL1), as opposing regulators of cambium
activity. Their identification was facilitated by a novel in vitro system in which cambium formation is induced in isolated
Arabidopsis stem fragments. By combining this system with laser capture microdissection, we characterized transcriptome
remodeling in a tissue- and stage-specific manner and identified series of genes induced during different phases of
cambium formation. In summary, we provide a means for investigating cambium regulation in unprecedented depth and
present two signaling components that control a process responsible for the accumulation of a large proportion of

terrestrial biomass.
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Introduction

The development of multicellular organisms requires extensive
cell-to-cell communication to integrate the activity of single cells
into the context of the whole organism. Plant development is
especially demanding in this respect due to the high degree of
plasticity caused by their interdependence with external cues. The
capacity to establish pluripotent and proliferating tissues - the
meristems - from differentiated cells represents a remarkable
example of this developmental plasticity, which has been the focus
of extensive research in the past [1-3]. The formation of the
interfascicular cambium (Figure 1A, 1B) is one of the few instances
in which post-embryonic de novo-initiation of meristematic activity
occurs during normal plant development [4], and thus serves as an
attractive model for studying the complexity of cell fate regulation
in general, and cambium regulation in particular.

The cambium is a meristematic tissue found in a tube-like
domain enclosing the center of the growth axes of dicotyledonous
plants. It is responsible for the lateral expansion of plants by
producing xylem and phloem - tissues involved in long-distance
transport [5]. This process, also referred to as secondary growth, is
the basis of wood formation, and is thus indispensable for extended
plant growth and the accumulation of a large proportion of
terrestrial biomass. In primary shoots of many species, including
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Arabidopsis, discrete vascular bundles are found, consisting of the
fascicular cambium, the primary phloem, and the primary xylem
(Figure 1A). These tissues originate from procambium strands
established immediately below the shoot apical meristem. During
secondary growth initiation, the meristematic character of the
fascicular cambium located in the center of primary vascular
bundles is extended into interfascicular regions. This process
results in interfascicular cambium (IC) formation, and thereby in
the establishment of a closed domain of meristematic activity
important for coordinated lateral shoot growth (Figure 1B).

The unique features of this process, including de novo initiation of
cambium identity from differentiated cells, and easy-to-follow
changes in cellular patterns, allow IC formation to be used as a
model to decipher cambium formation and activity [4]. During IC
formation in Arabidopsis shoots, cell divisions are initiated primarily
in the starch sheath - the innermost cell layer of the cortex that is
important for directional shoot growth by sensing the gravity
vector using sedimented amyloplasts (Figure 1A) [4,6,7]. There is
strong evidence that IC formation is independent of cell identity in
interfascicular regions. For example, procambium formation upon
mjury is initiated de novo at variable positions [8] and, depending
on the developmental stage of the plant, the IC is established in
different cell types [4]. Consequently, IC initiation seems to
encompass a dramatic change in cell identity, and to depend on
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Author Summary

In contrast to animals, plants have the capacity to grow
and form new organs throughout their entire life cycle,
thereby building up some of the largest organisms on
earth. This remarkable capacity is based on the activity of
stem cell-like tissues—the meristems—Ilocated at shoot
and root apices and, in a large repertoire of species, in
lateral positions at the flanks of growth axes. In
comparison to apical meristems, our knowledge of the
molecular mechanisms controlling the activity of lateral
meristems like the cambium is very limited. This is despite
the fact that lateral growth is responsible for wood
formation, and thus for the accumulation of large amounts
of terrestrial biomass, and for fixation of atmospheric CO,.
Here, we introduce an in vitro system by which cambium
initiation can be stimulated under controlled conditions in
stems of the reference plant Arabidopsis thaliana. By
revealing genome-wide and tissue-specific alterations in
transcript accumulation during cambium initiation, we
identify two novel receptor-like kinases, namely MOL1 and
RUL1, as opposing cambium regulators. These findings
demonstrate that our in vitro system represents a valuable
tool for studying cambium regulation and open up
possibilities to dissect lateral growth in plants from novel
perspectives.

MOL1 and RULT Are Novel Cambium Regulators

long- and/or short-distance derived signals of a mostly unidenti-
fied nature.

Our knowledge of the regulation of cambium initiation and
activity, including its integration into general growth processes, at
the cellular level is scarce. However, it is known that this process is
modulated by a plethora of hormones [9]. In particular, IC
Initiation, and cambium activity in general, depend strongly on the
basipetal transport of auxin along the shoot mediated by PIN
auxin exporters [10-12]. The interplay between auxin transport
and the establishment of vascular tissue has been studied most
extensively during Arabidopsis leaf development. In this case, cell
files become specialized for PINI-mediated auxin transport
stimulated by a positive feedback loop also involving the
transcription factors MP and ATHBS8 [13,14]. In young leaf
primordia, incipient broad expression domains of PINI and MP
become restricted to narrow cell files marked and supported by
ATHBS expression. Subsequently, selected cell files transform into
vascular bundles by employing unknown downstream signaling
cascades [14,15], recapitulating principles of the auxin canaliza-
tion theory originally postulated by Tsvi Sachs [16].

Whether the same mechanisms identified for procambium
formation during leaf development apply to IC formation is
unknown. In this regard, it can be expected that the elucidation of
transcriptional profiles in cells during IC formation will facilitate a
comparison of both processes, and moreover will help to decipher
the regulatory networks involved in cambium establishment and

7

Figure 1. /n vitro-induction of secondary growth (CIS-incubation). (A and B) Comparison of cross-sections from a primary (A) and secondary
(B) stem (IC: arrows in B). Blue: xylem/xylem fibers; red: fascicular and interfascicular cambium; yellow: phloem/phloem parenchyma; green: starch
sheath. Triangle: see Figure 2H. (C) Origin of stem fragments for ClS-incubation. At the stage of collection, IC initiation was restricted to the region
labeled in red [4]. (D) Experimental setup of CIS. (E-G) Stem fragments incubated without (E) and with (F) apically applied NAA in comparison to a
stem immediately above the uppermost rosette leaf of a 15 cm tall plant (G). Arrows indicate dividing tissues in interfascicular regions. (H and I).
Fragments incubated with basally applied NAA (H) and with apically applied NAA together with ubiquitously applied NPA (I, 1 pg/ml). Size bar in (E):
100 pum, same magnification in (E-I). The positions of primary vascular bundles are labeled by asterisks.

doi:10.1371/journal.pgen.1001312.g001
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regulation. Previous transcriptional profiling did not have the
spatial or temporal resolution required to identify genes associated
with cambium initiation [4,17-21]. In this context, an elegant
approach elucidating the cambium-specific transcriptome from
Populus tremula, was made possible by the availability of large
amounts of starting material [22]. This approach showed that
selected genes, or gene families, involved in apical meristem
regulation are also expressed in the cambium, suggesting a high
degree of similarity between the regulation of apical and lateral
meristems [5,22,23].

PHLOEM INTERCALATED WITH XYLEM (PXY, also
known as TDR), a cambium-specific receptor-like kinase, and its
corresponding peptide ligands, CLE41/44, are important for
cambium activity and the patterning of cambium-derived cells in
Arabidopsis. 'This signaling module is the first cambium-related
module characterized in detail at the molecular level [24—-26]. The
mechanistic similarities to the CLV1-CLV2/3 signaling module,
important for shoot meristem regulation (reviewed in [27]), further
suggest that similar molecular principles are involved in the
regulation of both meristem types. Recently, the role of the
homeobox transcription factor WUSCHEL-RELATED HO-
MEOBOX4 (WOX4) as an essential cambium regulator that is
positively regulated by PXY has been revealed [28,29]. This
finding is reminiscent of the role of the WOX gene family members
WUS and WOX5 in shoot and root apical meristems, respectively
[30,31], and provides another essential piece of evidence in
support of the concept of regulatory similarities in indeterminate
plant meristems.

Laser capture microdissection (LCM) is a valuable tool for
harvesting material from specific tissues or cells, and for
elucidating the transcript profiles of various plant tissues [32—
35]. In comparison to fluorescent-activated cell sorting (FACS)
[36,37], LCM has the advantage of being able to harvest
heterogeneous populations of cells, or cells that change their
identity over time and cannot be labeled by a single fluorescent
marker. Therefore, LCM-based transcript profiling represents an
ideal approach to study IC formation because, in this case, a new
tissue is established from clearly unrelated cell types. However, the
advantages of LCM for characterizing early changes in transcript
accumulation during this process are compromised by the
restricted nature of IC formation in the Arabidopsis stem [4].
Furthermore, an exact time-course analysis is complicated by
slight variations in the degree of IC formation between individuals,
making it difficult to accurately predict when, and in which starch
sheath cells, the IC will be initiated in each individual plant.
Because only a small selection of plants can be analyzed by LCM,
incorrect predictions for a single individual might cause substantial
misinterpretation of the samples.

Here, we present an auxin-dependent cambium-inducing i vitro
system (CIS) suitable for analyzing the molecular regulation of
secondary growth in isolated Arabidopsis stem fragments that
overcomes the obstacles of studying the process in intact plants.
The comparison of molecular markers in intact plants and in the i
vitro system confirms that the i planta situation is largely reflected
by CIS, thus demonstrating that it represents a valuable tool for
studying this process under highly controlled conditions. Using an
LCM approach, we harvested cells from interfascicular regions at
different time points during interfascicular cambium initiation
resulting in the identification of both stage- and tissue-specific
marker genes for different steps of the process. RNA in situ
hybridization confirmed the cambium-specific expression of early
markers in intact plants, demonstrating the benefits of the  vitro
system, and suggesting that we have indeed revealed genome-wide
changes in transcript accumulation in cells gaining cambium
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identity. Moreover, reverse genetics of the two uncharacterized
receptor-like kinases RUL] and MOLI, reveals the role of two
novel signaling components in cambium regulation, further
highlighting the benefits of CIS incubation.

Results

In Vitro-Incubated Stem Segments Behave As In Planta in
Terms of Secondary Growth Initiation

To establish a cambium inducing system (CIS) in which
controlled pharmacological manipulation of secondary growth in
Arabidopsis stems could be performed, we adapted an experimental
system designed for the @ witro incubation of excised stem
fragments [38]. As starting material, we collected internodal
fragments of 15-20 cm tall inflorescence stems which, under
standard growth conditions, do not develop an IC in intact plants
[4] (Figure 1C). These were incubated on split-plates with their
apical and basal ends resting on separate halves of a plate of
medium with no connection between them (Figure 1D), thus
allowing the independent application of substances to the apical
and basal sides of the incubated fragments. To verify that
secondary growth can be induced in this system, we compared
fragments incubated with and without apically applied synthetic
auxin (NAA). Histological analyses after 5 days of incubation
showed that only NAA-treated fragments initiated periclinal cell
divisions in the fascicular cambium and in interfascicular regions
(Figure 1E, 1F). The position and orientation of these divisions
were comparable to those found in segments of intact stems
displaying IC initiation (Figure 1G). When fragments were
analyzed along their entire length, similar effects were observed
at all positions (data not shown). We also found that, as in intact
stems [4], cell divisions in interfascicular regions were initiated in
the starch sheath (Figure S1C). Applying different NAA concen-
trations revealed a saturation of the response at 1 ug/ml NAA
(Figure S1); therefore, subsequent experiments were conducted
using this concentration.

To see whether incubated fragments lose their original polarity
during CIS incubation, NAA was applied exclusively in the basal
half of the split-plate. Histological analysis showed that no cell
divisions were initiated in this case (Figure 1H), indicating that
incubated fragments maintain their apical-basal polarity. Impor-
tantly, the addition of NPA to plates with apically applied auxin
repressed the initiation of cell division (Figure 1I), demonstrating
that the effect depends on active basipetal auxin transport along
incubated fragments.

To characterize the distribution of auxin signaling in CIS-
incubated fragments, we compared CIS-incubated fragments with
fragments from intact plants derived from a DR5rev:GFP reporter
line [39]. This analysis revealed a pattern of the GIP-derived
signal in CIS-incubated fragments similar to that in intact stems
for all time points, with enhanced signal intensity after 5 days of
incubation (Figure 2A—2E). This result indicates that, although
more auxin seems to be present in the i vitro-incubated stems after
prolonged incubation, its distribution is comparable to that of
intact stems. To confirm that interfascicular cell divisions
represented secondary growth, we analyzed CIS-incubated stem
fragments from a line carrying an APL:GUS reporter visualizing
phloem identity [4]. APL, which encodes for a MYB transcription
factor, is essential for the establishment of phloem cell character-
istics, and is specifically expressed in the phloem throughout all
growth stages and organs [40,41]. APL:GUS-derived signals were
found in interfascicular regions following NAA addition to the
medium, and in groups of cells resembling cell clusters formed
during phloem initiation in intact plants [4] (Figure 2F, 2G). This
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Figure 2. Marker analysis during CIS-incubation and sampling strategy. (A-E) The activity of the DR5rev:GFP reporter in CIS incubated
stems (A-D) without NAA after 2 (A) or 5 days (B), and with apically applied NAA after 2 (C) or 5 days (D) in comparison to a fragment taken from the
base of the inflorescence stem of an 18 cm tall plant (E). (F and G) APL:GUS detection in mock-treated (F) and NAA-treated (G) samples after 5 days of
ClS-incubation. Signals in interfascicular regions are indicated by arrows. (H) Sampling strategy by LCM as also indicated in Figure 1A. Size bars in
(A,F): 100 um, same magnification in (A-E) and (F-G). The positions of primary vascular bundles are labeled by asterisks.

doi:10.1371/journal.pgen.1001312.g002

shows that interfascicular cell divisions lead to the formation of
secondary vascular tissue. In summary, we conclude that CIS-
incubated stem fragments behave in the same way as intact stems
with respect to auxin-dependent secondary growth initiation
[11,42], thus making the system an ideal tool for studying the
process of cambium regulation.

Identification of Tissue-Specific Genes Induced during IC
Initiation

Taking advantage of the inducibility of secondary growth by
CIS-incubation, we identified genes that were up-regulated in a
tissue-specific manner during IC initiation. Stem fragments were
collected before and after 2 and 5 days of incubation, with and
without the addition of NAA. Histological analyses showed that
cell divisions were not yet initiated after an incubation of 2 days
(data not shown). Subsequently, interfascicular regions were
harvested from the resulting five groups of stem fragments by
LCM (Figure 1A, Figure 2H and Figure S2). To identify genes
with increased mRNA abundance specifically in IC initiating cells,
we dissected two different types of tissue from the same sections.
Type A represented the starch sheath and/or the dividing area in
interfascicular regions. Type B represented the surrounding
tissues, including the cortex and interfascicular fibers (Figure 1A,
Figure 2H and Figure S2), and served as a control for tissue
specificity. From samples incubated without NAA, only type A was
dissected (Figure 2H). Thus, eight different samples, each with
three biological replicates, were used for tissue collection. From
these eight samples, RNA was prepared for micro-array analysis.

To identify genes up-regulated during cambium initiation, we
first compared data sets A2 and A3 with data set Al (Figure 2H,
Comparison I, Dataset S1) resulting in 2217 genes whose
transcript abundance in IC-initiating cells changed after 2 or 5
days (Table S1). We reasoned that a large fraction of these genes
simply responded to our i wvilro conditions and thus were not
specific to cambium formation. These non-specific genes were
identified by comparing data sets A4 and A5 with data set Al
(Figure 2H, Comparison II, Dataset S2), which was obtained from
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samples incubated without the presence of NAA. Furthermore, we
identified genes not exclusively activated in cambium-initiating
cells by comparing data sets B2 and B3 with data set Bl
(Figure 2H, Comparison III, Dataset S3). We subtracted genes
identified as being up-regulated in Comparisons II and III from
our initial group of genes (Comparison I), leaving 1004 genes that
were classified as being associated with a tissue-specific change in
transcript abundance during IC initiation (Table S2). Interestingly,
among this group, only 132 genes were found to be down-
regulated, with 872 genes being up-regulated. We refer to the up-
regulated genes as Group 1 (Table S2). Group 1 was further
subdivided into ‘early’, ‘late’, or ‘transient’ genes according to their
relative expression levels during our time course analysis (T'able S2
and Figure S3). To select candidate genes for more detailed
analysis, we further reduced Group 1 by applying more stringent
selection criteria. To this end, we decreased the statistical
thresholds for Comparisons II and III (fold change of 1.41),
thereby subtracting more genes from Comparison 1. This
procedure resulted in a reduced list of 117 up-regulated genes,
which we designated as Group 2 (Table S3). The relative
expression levels of a subset of these genes were confirmed by
gRT-PCR in all isolated samples (Figure S4).

Cambium-Inducing Cells Establish a Unique
Transcriptional Profile

Next, we were interested to see whether there were indications
that the identified genes were indeed cambium-specific. Therefore,
we analyzed their expression values in different tissues employing
data from tissue-specific transcriptional profilings described previ-
ously. Characterization of the transcript profile of a mixture of
cambium and phloem tissues from hypocotyls represents the closest
approximation to a cambium-specific profile described for Arabi-
dopsis to date [21]. Calculating the relationship between mean signal
intensities (MSI) in phloem/cambium, xylem, and non-vascular
tissues [21] for genes from Group 1, we found a bias toward a
phloem/cambium-specific expression (Figure 3A). The same
analysis for genes from Group 2 showed an even stronger bias,
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Figure 3. Expression of identified genes in various tissues. (A) Average of mean array signal intensity (MSI) relations as described [21] for
genes present in Groups 1 and 2 comparing xylem (X), phloem/cambium (PC) and non-vascular (NV) tissues from hypocotyls. (B) Percentage of genes
classified as being specifically expressed in WUS, FIL or CLV3 expression domains (Supplementary Table 5 in [37]) comparing ‘all’ genes present in the
genome, genes found in Group 1, and in Group 2, respectively. (C and D) Radial (C) and longitudinal (D) distribution of expression levels of genes
from Group 1 and 2 in root meristems based on the values for the top 50% of varying probe sets described in Supplementary Table 12 in [36].
Average expression levels of genes listed in Table S2 (Group 1) and listed in Table S3 (Group 2) are shown. In (C), domains are defined by the
expression of GFP marker lines. For (D), roots were dissected at different longitudinal positions resulting in samples representing subsequent
developmental stages (see [36] for details). Sample 1 contains the quiescent center and tissue-specific stem cells. CC = companion cells.

doi:10.1371/journal.pgen.1001312.g003

suggesting that, by applying more stringent selection criteria, we
increased tissue specificity within the group of selected genes
(Figure 3A). Consistently, analysis of the expression of the selected
genes according to high-resolution expression maps of the shoot
apical meristem and the root tip [36,37], revealed a bias towards
expression in phloem tissues with a stronger bias for Group 2
(Figure 3C). Interestingly, we did not observe a bias toward a stem
cell-specific expression in root or shoot apical meristems (Figure 3B—
3D), arguing against a large overlap of gene expression profiles
when comparing lateral and apical meristems. Importantly, the
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search for known cambium markers identified PX1 and ATHBS as
members of Group 1 and 2. Both genes belong to the small group of
genes described to be specifically expressed in (projcambium cells
[24,43], and their presence serves as an indicator for the tissue
spectficity of the identified group of genes in intact plants. Because
W0OX4, a cambium regulator identified recently [29], is not present
on the ATHI array, we performed qRT-PCR experiments in order
to reveal WOX4 transcript abundance in our LCM-derived samples.
This analysis showed that the WOX4 transcript accumulates
preferentially in interfascicular regions of 5 day NAA-treated
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fragments (Figure S4). Taken together, we conclude that cambium
identity is established in interfascicular regions of CIS-incubated
fragments, and that our approach provides a series of genes
expressed in a tissue specific manner at different stages during
cambium formation in intact plants.

Identified Genes Are Expressed in the Cambium of Intact
Plants

To validate the above conclusion, we concentrated on ‘early’
genes from Group 2, categorized as being involved in develop-
mental processes, signal transduction, and transcription (see GO
annotations,  http://www.arabidopsis.org/tools/bulk/go/index.
jsp, for a more detailed analysis). As we were primarily interested
in genes specifically regulating secondary growth, we eliminated
those genes for which severe embryo defects in corresponding
mutants had been described [44], leaving us with 13 genes
(Table 1). Expression of these genes and WOX4 was analyzed by
RNA i situ hybridization (RISH) with the exception of AHP3 and
ATSENT, for which no specific RNA probes could be designed due
to extended sequence similarity to close homologues. For the
remaining genes, sense and antisense probes were hybridized to
cross-sections taken from immediately above the uppermost
rosette leaf of 30 cm-tall inflorescence stems. For those genes for
which GUS reporter lines were available [45-48], corresponding
reporter lines were analyzed by using a GUS-specific RNA probe.
As a result, for all but three cases in which no mRNA
accumulation could be detected (Table 1), mRNA was found to
accumulate in a continuous domain consisting of one to three cells
in a radial orientation located between xylem and phloem tissue
(Figure 4). The domain of RNA accumulation detected for all
positive genes was similar to that of the cambium-specific genes
PXY and WOX4, suggesting that all genes are similarly cambium-
specific or, at least, transcribed in close proximity. This verification
of the cambium-specific mRNA accumulation of a large
proportion of the genes identified suggests that we had indeed
elucidated the mRNA profile established during cambium
formation n planta, and that CIS incubation can be used for the
identification and analysis of cambium regulators.

MOL1 and RULT Are Novel Cambium Regulators

MOLT and RULT Function As Opposing Regulators of

Cambium Activity

As IC initiation is a highly dynamic process likely to involve
extensive cell-to-cell communication, we predicted that the
identified signaling components play an important role in
cambium regulation. To test this assumption, we analyzed lines
impaired in the expression of the uncharacterized leucine-rich
repeat receptor-like kinases (LRR-RLKSs) present on our reduced
list of genes (Table 1, Figure S5) and which we designated MORE
LATERAL GROWTHI1 (MOLI) and REDUCED IN LATER-
AL GROWTHI (RULI). As a reference for plants affected in
cambium activity, we also included pxy-4 mutants [24] in our
analysis. All homozygous T-DNA insertion lines (Figure S5) were
indistinguishable from wild-type with respect to their overall
growth behavior. Histological analyses showed that most pxy-4
mutant plants did not initiate IC formation (Figure 5), thus
confirming the role of PXY in secondary growth and demonstrat-
ing that pyy-specific defects [26] prevent the establishment of a
closed cambium cylinder in the stem. In contrast, IC was detected
in the two other mutants with no sign of altered tissue patterning
(Figure 5). However, mo/l mutants displayed an enhanced
formation of secondary vascular tissue in fascicular and interfas-
cicular regions that exceeded the wild-type by 30%, indicating a
substantial increase in cambium activity. By contrast, IC-based
tissue formation was decreased by 40% in ru// mutants, suggesting
a reduction in cambium activity in ru// mutant backgrounds
(Figure 5). These results indicate that both genes regulate the
production of secondary vascular tissues with MOLI functioning as
a repressor, and RULI as an activator, of cambium activity.

To analyze the interaction of both signaling components, we
first determined whether they are generally co-expressed by
performing RISH in vegetative shoot tips. This revealed that
RULI mRNA localizes to the (projcambium mainly in more
mature leaf primordia (Figure 6A). In contrast, no MOL! mRNA
accumulation was detected in the apex, suggesting that it is specific
to the cambium in the stem (Figure 6B). Both expression domains
are unlike the PXY expression domain, which is found in
procambium strands starting in very young leaf primordia

@ PLoS Genetics | www.plosgenetics.org

Table 1. Genes selected for RISH analysis.

AGI code Name/description FC, 2 days FC, 5 days Cambium expression (RISH) Reference
AT5G05160 RULT 225 1291 v this work
AT1G46480 WOX4 0.92 4.23 4 [28,29]
AT1G52340 ABA2 1.46 3.83 = [47]
AT5G61480 PXY 1.56 3.77 '4 [24-26]
AT4G32880 ATHB8 1.06 3.68 4 [43]
AT5G51350 MoL1 145 3.31 v this work
AT5G39340 AHP3 1.84 3.17 no probe [71]
AT5G57110 ACA8 1.56 294 v [46]
AT2G26070 RTET 1.83 2.89 = [48]
AT3G45590 ATSEN1 1.72 2.85 no probe [72]
AT2G27040 AGO4 1.46 2.61 4 [73]
AT5G57130 unknown protein 1.33 2.56 v

AT1G11130 Scm 1.72 2.30 4 [45]
AT2G41070 ATBZIP12 1.47 2.12 -

ATHB8 and WOX4 were classified as ‘late’ but were included because of their roles as a classical marker for procambium identity [43] and as an essential cambium
regulator [29], respectively. For WOX4, values are based on gRT-PCR results, for the other genes on micro-array data. FC = fold change.
doi:10.1371/journal.pgen.1001312.t001

February 2011 | Volume 7 | Issue 2 | 1001312



MOL1 and RULT Are Novel Cambium Regulators

February 2011 | Volume 7 | Issue 2 | €1001312

@ PLoS Genetics | www.plosgenetics.org




MOLT and RULT Are Novel Cambium Regulators

Figure 4. Transcript detection by RISH using antisense and sense probes. (A and B) AT5G05160/RUL1, (C and D) PXY, (E and F) ATHBS, (G and
H) AT5G51350/MOL]1, (I and J) AGO4, (K and L) AT5G57130, (M and N) WOX4, (O) SCM (GUS probe), (P) ACA8 (GUS probe), (Q) GUS sense probe on
ACA8:GUS line. (A, G, E, G, |, K, M, O, P) show results using antisense probes, (B, D, F, H, J, L, N, Q) using sense probes. Arrowheads indicate cambium-
specific mRNA accumulation and asterisks label the position of primary vascular bundles. Stem sections come from immediately above the
uppermost rosette leaf of 15 cm tall plants. Size bar in (A): 100 um, same magnification in (A-Q).

doi:10.1371/journal.pgen.1001312.9004

(Figure 6C). However, qRT-PCR analyses showed that the
mRNA abundance of all three genes correlates positively with
the progression of secondary growth along the stem (Figure 6D).
Analysis of transcript accumulation in the respective mutant

backgrounds revealed an increase of RULI and PX1 mRNA
abundance in mol/I-1 (Figure 6E). As a possible downstream target
of the identified receptors, we also analyzed WOX4 transcript
abundance in 1ull-2, moll-1, and pxy-¢ backgrounds. Consistent
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Figure 5. Quantification of IC activity. (A-C) Lateral extension of the IC together with the IC-derived tissue (ICD) in different genetic backgrounds
at different positions along the shoot base. See Figure S5 for allele characterization. Significance levels are indicated by asterisks with the
corresponding color. (D-) Histological representations of mol1-1 (D), rul1-2 (E), and pxy-4 (F) mutants in comparison to corresponding wild-type
plants (G, H, ). Brackets indicate the extension of the ICD. (J-O) Higher magnification of mol1-1 (J), rul1-2 (H), pxy-4 (N) mutants and the
corresponding wild-type plants (K, M, O) as shown in (D-I). Size bar in (D) and (J): 50 um, same magnification in (D-I) and in (J-O). Sections from
immediately above the uppermost rosette leaf are shown (i.e. position 0 in A-C). Positions of primary vascular bundles are labeled by asterisks in (E-I).
doi:10.1371/journal.pgen.1001312.g005
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Figure 6. Characterization of RUL1, MOL1, and PXY expression. (A-C) Detection of RULT (A), MOL1 (B) and PXY (C) transcripts by RISH on cross
sections of vegetative shoot tips. Asterisks label the apical meristem, arrowheads the cambium-specific signals in leaf bundles. Size bar in (A): 100 um,
same magpnification in (A-C). (D) qRT-PCR-based analysis of transcript accumulation in the bottom-most centimeter of the stem and a fragment 3 cm
further apically (compare Figure 1C). (E) gRT-PCR-based analysis of RULT, MOL1, PXY, and WOX4 mRNA abundance in the first internode above the
rosette of the corresponding mutants. (F) Genetic interaction between MOLT and RULT. Lateral extension of the ICD immediately above the
uppermost rosette leaf is shown. (G) Unrooted tree for RUL1, MOL1, and PXY protein sequences, and their closest homologs from Populus trichocarpa
based on full length protein sequences. There are two homologs each for MOL1 and PXY with a similar degree of sequence similarity. For RUL1, the
situation is less straightforward as another Arabidopsis protein (AT5G58300) belongs to the same sub-clade partly displaying low bootstrap values.
The scale bar represents 0.1 amino acid substitutions per position. Bootstrap values are given in percentage.

doi:10.1371/journal.pgen.1001312.g006

with a role of PXY as an activator of WOX4 [29], the analysis
revealed decreased WOX4 transcript levels in pxy-4 mutants
(Figure 6E). In contrast, as for RULI and PX) mRNAs, an
increase of WOX4 mRNA levels in moll-1 backgrounds was
detected, whereas the level was almost unchanged in rull-2
(Figure 6E). The up-regulation of this selection of cambium-
expressed genes in moll confirms a role of MOLI as a negative
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regulator of cambium activity, at least partly, upstream of RUL!
and PXY. To test whether MOL! and RULI function in a linear
mode of action or rather in parallel pathways, we analyzed the
genetic interaction between MOLI and RULI. The analysis of the
moll-1 rull-1 double mutant revealed a wild-type-like rate of
vascular tissue production in interfascicular regions in comparison
to the respective single mutants (Figure 6F). Taken together, we
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conclude that there is no direct and exclusive dependence between
MOLI and RULI activity, but that both genes function in parallel
in the cambium to balance the production of secondary vascular
tissues.

Discussion

We have characterized genome-wide transcriptome remodeling
during cambium formation in a stage- and tissue-specific manner,
and identified two novel signaling components involved in the
regulation of cambium activity. Cambium analysis has been
hampered in the past by the lack of a defined model system in a
background in which extensive molecular and genetic tools are
available. The formation of procambial strands during Arabidopsis
leaf formation is an appropriate model for the establishment of
vascular tissue identity and patterning [13,14]. However, due to a
lack of a continuous and indeterminate stem cell activity in leaves,
the analysis of cambium regulation is inevitably restricted to shoots
and roots. IC formation represents an attractive target for
addressing various aspects of cambium regulation, mainly due to
its traceability by prominent histological landmarks and the de novo
initiation of the cambium-specific stem cell niche from differen-
tiated and unrelated cell types [4]. These features allow detailed
analysis of the sequence of molecular events resulting in the
establishment of cambium identity, potentially allowing the
identification of key regulatory steps. With respect to the
availability of tools, Arabidopsis represents the ideal species for
application of this approach [49] and these tools can be exploited
even more efficiently when the process of interest can be tightly
controlled by an appropriate experimental system. By introducing
CIS-incubation of Arabidopsis stem fragments, we have established
such a system for cambium formation. Marker gene analysis,
transcript profiling, and reverse genetics support the conclusion
that CIS accurately reflects the situation in intact plants with
respect to secondary growth regulation and provides experimental
controllability of a highly complex developmental process. By
following this strategy, we present ways of using the most
established plant model as an efficient tool for deciphering the
mechanisms of cambium regulation. These findings are especially
significant as the cambium is considered to be the least studied,
and least understood, indeterminate plant meristem [9,50].

Ex planta tissue-culture systems have been used very successfully
for analyzing various plant developmental processes [38,42,51,52],
demonstrating the robustness of plant organ dynamics when
exposed to selected key signals. In our case, the pivotal factor
required to induce cambium activity is auxin applied apically to
isolated stem fragments. The specific responsiveness of such
fragments provides another example of the key role of basipetal
auxin transport in cambium initiation and activity [11,53,54].
Surprisingly, we did not find that genes classified as being either
auxin-inducible or auxin signaling components were overrepresent-
ed among the genes identified as being induced during IC initiation.
This might suggest that the processes involved in IC initiation do not
depend on basipetal auxin transport directly, but rather represent
tissue-specific processes initiated upon auxin-dependent activation
of the fascicular cambium. This is supported by previous analyses
showing that the fascicular cambium is activated before IC initiation
occurs [4]. Consistent with our findings, genes expressed in
gradients along the radial sequence of tissues in Populus stems, and
peaking in the cambium, have no preference for being auxin
responsive suggesting that only a few of the cambium-specific genes
directly depend on auxin signaling [42]. Whether the influence of
other hormonal pathways or environmental conditions [9,12,19]
can be reflected by CIS remains to be seen.
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Importantly, this study provides the first tissue-specific tran-
scriptome profiling performed at different stages of cambium
formation, and will allow specific steps of the process, such as
dedifferentiation, or the establishment of stem cell characteristics,
to be addressed in the future. The elucidation of the cambium-
specific transcript profile allowed us to compare the profiles of
lateral and apical meristems. In contrast to previous concepts
[18,50], we did not find a large overlap between genes expressed
in apical and lateral meristems, arguing that the cambium-specific
expression profile is highly unique (Figure 3). However, this does
not necessarily mean that general mechanisms involved in the
regulation of meristematic activity differ in both meristem types.
As shown for the case of WOX genes [29,31,55], different
members of a gene family might be active only in a specific
meristem, making an overall comparison of gene expression
profiles less straightforward. However, the small group of
regulators found to be expressed in different types of stem cells
(Figure 3) might provide a good set of candidates for general
meristem regulators.

PXY and WOX4 are the only cell-autonomous cambium
regulators described to date [24-26,29]. Both genes belong to
the group of genes identified in the current study. Interestingly,
PXY expression was already detected at early stages of IC
formation (Table 1) and we observed an almost complete absence
of IC formation in pxy mutants (Figure 5). However, whether the
function of PXY is fundamental for IC formation directly, or
whether the pxy phenotype is simply due to a reduction of the
activity of the fascicular cambium [26], thus preventing a spread of
cambium activity into interfascicular regions, remains to be
clarified. Even though PX7 is expressed early during procambium
formation in young leaf primordia (Figure 6) [26], no defect in pxy
mutants during procambium formation has been reported [24—
26]. Therefore, PXY seems to specifically activate and organize
the stem cell population in the cambium. The early expression
during IC formation might be essential for this reason. The
temporal relationship between PXY and ATHBE expression
[14,43] during procambium formation in leaves remains to be
clucidated. The detection of ATHBS transcription in cells
gathering IC identity suggests some regulatory parallels to
procambium formation. In contrast, PINI and MP, two genes
working together with ATHBS8 in a concerted manner during
procambium formation in leaves, and expressed similarly in a very
localized manner [13-15], were not detected. Although the
dynamics of PIN1 protein accumulation [14,15], and transcript
accumulation could differ, this might argue for an alternative
mechanism functioning during early phases of IC formation,
similarly resulting in ATHBS activation.

By performing reverse genetics on the two uncharacterized
signaling components in our reduced list of genes (Table 1), we
identified RULI and MOLI - two receptor-like kinases - as
regulators of cambium activity, each with opposite effects (Figure 5,
Figure 6). RULI and MOLI belong to the subgroups LRR-III and
LRR-XIV, respectively, of the LRR-RLK family [56]. Based on
knowledge about other LRR-RLKSs, it is attractive to hypothesize
that the products of these two genes might function to recognize
and communicate long- and/or short-range signals to cambium
cells. In addition to the cambium of the shoot, the positive
regulator RULI is also expressed in procambium cells of leaf
primordia (Figure 6). Because the overlap of expression domains is
only partial, a direct and exclusive mutual regulation of the
expression of both factors seems to be unlikely. A negative effect of
MOLI on RULI, PXY (LRR-XI subgroup) and WOX4 expression
in the shoot was detected, confirming the role of MOLI as a
repressor of cambium activity that seems to be, at least partly,
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upstream of the other three factors (Figure 6). However, the
genetic interaction between AOLI and RULI rather argues for a
parallel mode of action and suggests that the increased RULI
transcription in the MOLI-defective background is a secondary
effect based on enhanced cambium activity. Interestingly, the
negative effect of MOLI on WOX4 expression shows parallels to
the situation in shoot and root apical meristems in which CLV and
ACR4-dependent signaling pathways inhibit WUS and WOX5
expression, respectively [57,58].

As cambium activity is regulated by various endogenous as well
as environmental stimuli [9,12,19], the presence of numerous
parallel, interacting and counteracting pathways mediating these
inputs is expected. For example, in addition to activating
pathways, the inhibitory role of the two MADS box transcription
factors SOC1 and FUL on secondary growth has been reported
[59], demonstrating that active repression of cambium activity
exists in Arabidopsis. 'T'o understand the role of both novel receptors
in detail, the nature of the input that is recognized by them,
especially their ligands and the origin of these ligands, has to be
identified. In addition to MOL1, RULI and PXY, we also found
SCM - an LRR-RLK originally described to control epidermal
patterning in roots [45,60] - as being transcribed in the cambium
(Table 1). Furthermore, more LRR-RLKSs are induced during I1C
formation in a slightly less specific manner (Table S2), including
BAMI1, BAM?2, and BAMS3, which, among other functions,
promote stem cell activity in the shoot apical meristem and are
mvolved in the regulation of leaf venation [61]. Considering the
potential crosstalk between corresponding signaling pathways,
including the putative formation of higher order complexes
between LRR-RLKs [62-64], we envisage a highly intricate
cambium regulation at the level of membrane-bound receptors.

Interestingly, orthologs of MOLI and RULI seem to exist in
Populus (Figure 6G), and therefore it would be of great interest to
see whether gene functions are conserved between herbaceous and
woody species. The identification of specific factors up- and
downstream of RULI and MOLI will be the next step towards
integrating their function into the network of systems regulating
wood production. As wood is an important source of sustainable
energy and an important sink for atmospheric CO, [65], a better
understanding of the molecular mechanisms regulating its
production is highly desirable.

Materials and Methods

Plant Materials, Growth Conditions, and Histology

Arabidopsis thaliana (L.) Heynh. plants (Col-0 accession) were used
for all experiments unless stated otherwise. T-DNA insertion lines
were obtained from the Nottingham Arabidopsis Stock Center
(NASC). Plants were grown for 3 weeks under short-day
conditions (8 h light (10,000 LUX), 16 h dark, 21°C, 60%
humidity), and then shifted to long-day conditions (16 h light
(21°C, 10,000 LUX), 8 h dark (16°C), 60% humidity) to induce
flowering. For histological analyses of intact plants, individuals 15—
20 cm in height in which the first internode was at least 3.5 cm
long were selected, unless stated otherwise. Except for LCM
analysis, stem fragments were embedded in paraffin, sectioned,
stained, and analyzed, including GUS reporter analysis, as
previously described [4]. For quantitative analyses, at least five
plants were evaluated for each data point. The standard errors of
means were used to visualize variation. Histological data were
subjected to statistical analysis using a two-tailed independent
Student’s ¢ test with SPSS 18.0 software (http://www.spss.com).
Significance levels of P<<0.05, P<0.01 and P<<0.001 are indicated
by single, double, and triple asterisks, respectively.
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CIS-Incubation

Standard Petri dishes (9 cm in diameter) were filled with 45 ml
of 2 MS. A 6 mm-wide strip was removed from the center of the
plate. Suitable volumes of stock solutions (1 mg/ml) of NAA or
NPA were applied on the media halves at standardized positions.
Plates were left at room temperature for 3 days to allow diffusion.
For stem fragment preparation, the entire first internode, which
was at least 5 cm in length, was collected from plants 15-20 cm
tall. After both ends were sealed with liquid wax, samples were
surface sterilized by 70% ethanol (45 s) and washed four times
with sterile water (1 min each). Stem fragments of 1.5 cm in length
located 2.5 cm apically from the base were excised (Figure 1C)
with a scalpel and transferred to the ‘split-plates’. After 2 or 5 days
of incubation, the central area (3 mm) of these samples, which had
no direct contact with the medium, was collected for further
analysis.

LCM, RNA Extraction, and RNA Amplification

For LCM analysis, samples were snap-frozen in OCT
embedding medium (Labonord Cryoblock, France) in Peel-A-
Way disposable histology moulds (Polysciences Inc., Warrington,
PA, USA) and stored at —80°C. Transverse sections (5 Wm) were
cut with an HM550 cryostat (Microm, Walldorf, Germany) at
—20°C.. Cryosections were mounted on PET-membrane-coated
stainless steel slides (Leica Microsystems, Wetzlar, Germany) and
processed as described previously [33]. A Leica AS Laser
Microdissection system (Leica Microsystems, Wetzlar, Germany)
was used to harvest cells. In each case, three biological replicas
consisting of five plants each were analyzed. In total, ~30,000 cells
per biological repetition were dissected. The settings for dissection
were: 10x magnification; aperture: 15; intensity: 45; speed: 6;
bridge: medium; offset: 22. Microdissected tissue was collected in
the lid of a 0.5 ml microtube containing RLT buffer from the
RNeasy Plus Micro Kit (Qiagen, Hilden, Germany). Total RNA
was extracted using the same kit following the manufacturer’s
instructions. Two RNA amplification rounds were performed
using the TargetAm 2-Round Aminoallyl-aRNA Amplification
Kit (EPICENTRE Biotechnologies, Madison, USA) following the
manufacturer’s instructions. The quality of the amplified RNA was
evaluated by ODggp/ODygy measurements and agarose gel
electrophoresis.

Microarray Hybridizations and Analyses

For Microarray hybridization, we used the hybridization
services of NASC (http://affymetrix.arabidopsis.info/), which
employ the ATHI1 array (Affymetrix, Santa Clara, US). The
Robust Multi-Array (RMA) method from the Bioconductor
software package [66] was used for normalization and analysis.
A P value of 0.05 and a fold-change of 2 were chosen as initial
thresholds for selecting differentially expressed genes.

Accessing Microarray Data

Raw data discussed in this publication have been deposited in
NCBI’'s Gene Expression Omnibus [67] and are accessible
through GEO Series accession number GSE22947 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE22947).

Analyses of Transcript Accumulation

For RNA extraction from whole stem samples, a standard
Trizol-based (Invitrogen, Carlsbad, USA) protocol was used.
Subsequently, RNA was purified using RNA-MiniElute columns
(Qiagen, Hilden, Germany). Genomic DNA was eliminated using
RNase-free  DNase (Qiagen, Hilden, Germany) by column
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purification according to the manufacturer’s instructions and the
quality of purified RNA was tested using the ODgg/ODgg ratio
and gel electrophoresis. In all cases cDNA templates were
produced using the RevertAid H Minus First Strand ¢cDNA
Synthesis Kit (Fermentas, St. Leon-Rot, Germany). Real-time
quantitative PCR analysis was performed using the SensiMix
SYBR & ROX kit (Peglab, Erlangen, Germany), following the
manufacturer’s instructions. 15 pl-volume reactions were per-
formed utilizing an i QTM5 optical system (Bio-Rad, Hercules,
USA). In order to transform fluorescence intensity data into cDNA
levels a standard curve with a 10-fold dilution series of a single
cDNA sample was constructed. For each sample, results obtained
for a given gene were normalized using the value of an internal
standard gene (EIF4A1l; AT3G13920) based on the comparative
threshold (CT) method as described by Perkin-Elmer Applied
Biosystems (http://www.perkinelmer.com). After that, the value
for the gene of interest in the control sample was set to 1.0 and
relative values for the rest of the samples were normalized
accordingly. The specificity of the amplification reactions was
assessed using postamplification dissociation curves. In all cases, at
least two biological and two technical replicates were carried out,
resulting in four qRT-PCR reactions per gene. RISH was carried
out as explained previously [3]. For probe synthesis, PCR products
generated using cDNA as a template were cloned into the pGEM-
T vector (Promega, Madison, USA) and used as a template for
transcription from the T7 or SP6 promoter. Primers employed for
generating PCR products for probe synthesis and qRT-PCR are
depicted in Table S4.

Sequence Comparisons

Populus trichocarpa sequences were identified using the BLAST
tool available on the Phytozome portal (http://www.phytozome.
net/poplar). Full length protein sequences were aligned by
ClustalW  (http://clustalw.ddbj.nig.ac.jp/top-e.html) [68] using
the default parameters (protein weight matrix: blosum; gap
opening penalty: 10; gap extension penalty: 0.2; gap separation
distance: 8) and visualized by TreeView (http://taxonomy.
zoology.gla.ac.uk/rod/treeview.html). Following this approach,
the phylogenetic tree is constructed by using the neighbor-joining
(NJ) method [69] and the Kimura method for estimating the
number of amino acid substitutions between sequences [70].
Bootstrap values were obtained by 1,000 bootstrap replicates.

Supporting Information

Dataset S1 Expression data for all genes spotted on the ATH1
array in comparison I.

Found at: doi:10.1371/journal.pgen.1001312.s001 (9.56 MB
TXT)

Dataset S2 Expression data for all genes spotted on the ATH1
array in comparison II.

Found at: doi:10.1371/journal.pgen.1001312.5002 (9.56 MB
TXT)

Dataset 83 Expression data for all genes spotted on the ATH1
array in comparison III.

Found at: doi:10.1371/journal.pgen.1001312.5003
TXT)

(9.56 MB

Figure S1 Dose-response analysis of CIS-incubation. (A-F)
Stem fragments were incubated for 5 days on split-plates
containing 0 (A), 0.03 (B), 0.1 (C), 0.3 (D), 1 (E) and 3 (I') pg/ml
NAA 1in the apical half of the plate. Expansion of the IC-derived
tissue is indicated by brackets. An enhancement of the effect up to
1 pg/ml was observed. The positions of primary bundles are
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labeled by asterisks. Size bar in (A): 100 um, same magnification in
(A-E).
Found at: do1:10.1371/journal.pgen.1001312.s004 (6.38 MB TIF)

Figure 82 LCM sampling of tissues. (A and B) The starch
sheath/dividing zone was labeled (A) and dissected by the laser
beam (B). (C and D) Subsequently, the surrounding tissue was
labeled (C) and dissected (D). Positions of primary vascular bundles
are labeled by asterisks.

Found at: doi:10.1371/journal.pgen.1001312.5005 (5.51 MB TIF)

Figure S3 Classification of genes found in group 1 into (A)
"early" (309), (B) "late" (276), and (C) "transient" (287) genes. See
Table S2 for gene identifications.

Found at: do1:10.1371/journal.pgen.1001312.5s006 (7.40 MB TIF)

Figure $S4 Validation of microarray-based detection of mRNA
abundance and analysis of WOX4 mRNA abundance in LCM-
derived samples by qRT-PCR. (A) ACA8 (AT5G57110), (B)
AT2G41230, (C) AT2G47180, (D) AT1G02850, (E) MOLI
(AT5G51350), (F) PXY (AT5G61480), (G) RTE (AT2G26070),
(H) RULI (AT5G05160), (I) SCM (AT1G11130), (J) AT5G54690,
(K) WOX4 (AT1G46480). Values obtained by qRT-PCR are in
grey, values obtained by microarray analysis are in black. For
sample labeling, see Figure 1A and Figure 2H.

Found at: doi:10.1371/journal.pgen.1001312.5007 (5.38 MB TIF)

Figure 85 Schematic representation of MOLI (A) and RULI (C)
gene and protein structure and gene expression in corresponding
mutants. The upper panels show the genomic organization, with
the transcribed region in gray and white, and exons in white; the
lower panels show protein domains as elucidated using CLC Main
Workbench 5.5 software. T-DNA insertions are indicated by
triangles. (B and D) Transcript levels of MOLI and RULI in the
corresponding mutants as revealed by qRT-PCR. Primer positions
used for the RT-PCR are indicated by small arrows above the
schemes in (A and C). In addition to mol/I-1, we analyzed the T-
DNA insertion line SAIL_79_A04 as a potential second mutant
allele for MOLI. However, we were unable to confirm that the line
carries the T-DNA insertion.

Found at: doi:10.1371/journal.pgen.1001312.s008 (1.51

TIF)

Table S1 Expression data for genes identified as being
differentially expressed in comparison I.

MB

Found at: doi:10.1371/journal.pgen.1001312.s009 (1.23 MB
XLS)
Table S2 Expression data for genes remaining after genes

induced in samples A4, A5, B2, and B3 (see Figure 2H) were
subtracted from the genes differentially expressed in comparison I
(Table S1). Worksheets for differentially expressed genes, up-
regulated genes (Group 1), "early" genes, "transient" genes, and
"late" genes are provided.

Found at: doi:10.1371/journal.pgen.1001312.s010 (0.85 MB
XLS)

Table 83 Expression data for genes remaining (Group 2) after
genes induced in samples A4, A5, B2, and B3 identified using less
stringent selection criteria were subtracted from the genes
differentially expressed in comparison I (Table S1).
Found at: doi:10.1371/journal.pgen.1001312.s011
XLS)

Table S4 Primers used for performing qRT-PCR (A) and
generating RNA probes (B).

Found at: doi:10.1371/journal.pgen.1001312.5012
PDF)

(0.08 MB

(0.05 MB
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