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tissue patterning of the root tip
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e Background and Aims The Mob1 family includes a group of kinase regulators conserved throughout eukaryotes.
In multicellular organisms, Mobl1 is involved in cell proliferation and apoptosis, thus controlling appropriate cell
number and organ size. These functions are also of great importance for plants, which employ co-ordinated growth pro-
cesses to explore the surrounding environment and respond to changing external conditions. Therefore, this study set out
to investigate the role of two Arabidopsis thaliana Mob I-like genes, namely MoblA and Mob 1B, in plant development.
e Methods A detailed spatio-temporal analysis of MoblA and Mob1B gene expression was performed by means of
bioinformatic tools, the generation of expression reporter lines and in situ hybridization of gene-specific probes. To
explore the function of the two genes in plant development, knock-out and knock-down mutants were isolated and
their phenotype quantitatively characterized.

e Key Results Transcripts of the two genes were detected in specific sets of cells in all plant organs. Mob1A was upre-
gulated by several stress conditions as well as by abscisic acid and salicylic acid. A knock-out mutation in Mob1B did
not cause any visible defect in plant development, whereas suppression of Mob1A expression affected organ growth
and reproduction. In the primary root, reduced levels of Mob 1A expression brought about severe defects in tissue pat-
terning of the stem cell niche and columella and led to a decrease in meristem size. Moreover, loss of Mob 1A function
resulted in a higher sensitivity of root growth to abscisic acid.

e Conclusions Taken together, the results indicate that arabidopsis Mob1A is involved in the co-ordination of tissue
patterning and organ growth, similarly to its orthologues in other multicellular eukaryotes. In addition, Mob1 A serves
a plant-specific function by contributing to growth adjustments in response to stress conditions.
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abscisic acid.

INTRODUCTION

In plants, embryogenesis generates only a basic body organiza-
tion with an apical —basal pattern rather than the complete organ-
ism, differently from what occurs in animals (reviewed by
Jirgens, 2001; Willemsen and Scheres, 2004; Jenik et al.,
2007). Most of the plant body is formed post-embryonically
with the continuous generation of new tissues and structures
throughout a plant’s life. The process of organogenesis occurs
in a reiterative form and depends on the activity of meristematic
zones located at the tip of plant organs (reviewed by Baurle and
Laux, 2003; Jiirgens, 2003). Meristems are constituted by cells
that complete several rounds of cell division before undergoing
expansion and differentiation. In turn, the replenishment of
each meristem is ensured by a pool of stem cells that are main-
tained undifferentiated in a so-called ‘stem cell niche’. Thus, a
tight regulation of cell cycle, mitosis and cell division

(cytokinesis) and their co-ordination with cell differentiation
are crucial to sustain organ outgrowth and, ultimately, to
enable the plant to complete its developmental programme.
Eukaryotic cells evolved signalling components that co-ordinate
exit from mitosis with cytokinesis and exit from the cell cycle with
differentiation. Knowledge about these mechanisms mostly
derives from extensive studies in the fission and budding yeasts,
Schizosaccharomyces pombe and Saccharomyces cerevisiae, re-
spectively. Schizosaccharomyces pombe cells divide by constric-
tion of an actomyosin ring and concomitant assembly of a
division septum, corresponding to a new cell wall (Gould and
Simanis, 1997). Saccharomyces cerevisiae divides by forming a
bud (Chant and Pringle, 1995). The onset of septation in
S. pombe and budding in S. cerevisiae is signalled through the sept-
ation initiation network (SIN) and the mitotic exit network (MEN)
signalling pathways, respectively (reviewed by Bardin and Amon,
2001). The SIN and MEN are similar signalling networks using
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orthologous proteins that control events at the end of mitosis. Both
networks consist of a GTPase-activated kinase cascade. In the case
of MEN, the activated form of the RAS-like GTPase Teml is
thought to propagate a signal to the protein kinase Cdc15, which
in turn activates the protein kinase Dbf2. It is known that Dbf2
kinase activity requires the Dbf2-associated factor Mobl (Mah
et al., 2001). The Mob1-Dbf2 interaction leads to release from
the nucleolus and subsequent activation of Cdc14 phosphatase
during anaphase (Stegmeier and Amon, 2004; Mohl et al.,
2009). The release of Cdcl4 from its inhibitor complex (Shou
et al., 1999) promotes the inactivation of the mitotic Cdkl—
cyclin B complex, finally driving exit from mitosis (Visintin
et al., 1998). Besides its primary role as a promoter of mitotic
exit, the MEN has been shown also to control cytokinesis (Lee
etal.,2001; Lippincott et al.,2001; Luca et al.,2001). The SIN sig-
nalling cascade is organized similarly to the MEN, but its main role
is to control cytokinesis by initiating contraction of the actin ring
and synthesis of the septum (reviewed by Krapp and Simanis,
2008). In S. pombe, the orthologue of S. cerevisiae Dbf2 kinase
is represented by Sid2, whose activity similarly requires the inter-
action with Mob1 (Hou et al., 2000). Yeast Mobl proteins do not
function solely as activators of Dbf2/Sid2, but are also required for
Dbf2/Sid2 localization to activation sites (Frenz et al., 2000; Lee
etal.,2001;Hou et al.,2004). Indeed, in agreement with their func-
tions in mitosis exit and cytokinesis, Dbf2/Sid2—Mob1 complexes
localize to the spindle pole body (SPB) in anaphase and move to the
division site in late mitosis (Yoshida and Toh-e, 2001). Different
conditional mutations of yeast Mob! cause a late nuclear division
arrest at the restrictive temperature and result in a quantal increase
in ploidy at the permissive temperature (Luca and Winey, 1998).
Several components of the MEN and SIN pathways are conserved
among eukaryotes and are similarly involved in the regulation of
cell division in multicellular organisms (Mailand ef al., 2002;
Bothos er al., 2005; Hergovich et al., 2006; Bedhomme et al.,
2008). Studies in Drosophila have also related Mob proteins to a
different signalling pathway that plays a crucial role in tissue
growth and cell number control. The protein kinases Hippo
(Hpo) and Warts (Wts)/large tumour suppressor (Lats), and the
Hpo-scaffold proteins Salvador (Sav) and Mats (Mob as tumour
suppressor, dMobl) are the key components of this pathway
(Justice et al., 1995; Tapon et al., 2002; Harvey et al., 2003; Lai
et al., 2005). Loss of any of these factors results in increased cell
proliferation and decreased cell death, indicating that Sav,
Hippo, Lats and Mats all function as tumour suppressors. The
Dbf2-related Lats is phosphorylated by Hpo and needs to bind to
its co-activator Mats to co-ordinate cell death and proliferation
properly (reviewed by Pan, 2007). The components of the Hippo
pathway are conserved from yeast to flies and humans, suggesting
that this signalling cascade plays a fundamental role in cellular
regulation.

Cell division is more complex in plants than in animals due to
the presence of a rigid external cell wall. In contrast to yeast and
animal cells, plant cells undergoing cell division display two
unique cytoskeletal structures, namely the pre-prophase band
(PPB) and the phragmoplast, which are necessary to ensure ad-
equate positioning and assembly of a new cell wall between
the separating sister nuclei (Verma, 2001). On the other hand,
plants do not possess SPBs and centrosomes. Despite these dif-
ferences, several components of the MEN/SIN pathways are con-
served in plants (Bedhomme et al., 2008). In particular, several
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genes encoding putative proteins homologous to yeast Mobl
have been identified in different plant species (Vitulo et al.,
2007). In Medicago sativa, Mobl-like genes were shown to
be constitutively expressed with a maximum in proliferating
tissues (Citterio et al., 2005). The Arabidopsis thaliana
genome contains four different MobI-like genes that can be
divided into two sub-groups according to their similarity
(Citterio et al., 2006; Vitulo et al., 2007). We have recently
started the characterization of these genes investigating their
role during gametophytic development (Galla et al., 2011).
Here, we report a detailed expression pattern analysis of two ara-
bidopsis MobI-like genes (AtMob 1A and AtMob1B) and demon-
strate that AtMoblA function is required for proper plant
development, the correct patterning of the root meristem and
the control of root growth under stress conditions.

MATERIALS AND METHODS
Plasmid construction and plant transformation

The generation of the MobIA (At5g45550) RNA interference
(RNAI) construct has been described by Galla er al. (2011). In
order to obtain the MoblApro::MoblA-GUS construct, the
genomic sequence including the MobIA coding sequence with
introns and a 1-9 kb region upstream of the start codon (forward
primer 5-CCTCCAAGGTGCAAGAGAAG-3" and reverse
primer 5’-A;{AAAGGTGAAATGATAGATT-?)/) was cloned into
the pENTR /SD-TOPO® vector (Life Technologies, Carlsbad,
CA, USA). Subsequently, it was transferred into the pMDC163
destination vector (Curtis and Grossniklaus, 2003) by Gateway
recombination using the LR Clonase Enzyme Mix (Life
Technologies). The resulting plasmid contained MobIA
in-frame with the B-glucuronidase (GUS) reporter gene driven
by the Mob1A promoter and a kanamycin selection gene.

Similarly, a 1-8 kb promoter region of MobIB (At4g19045),
together with part of the first exon, was amplified from
genomic DNA (forward primer 5'-ATCCGATGCAGAGAG
CTTGT- 3’ and reverse primer 5-TTCGCCTTCTTCAAAC
TCGT- 3’), cloned into the pDONR207 vector (Life
Technologies) and transferred into the pMDC163 plasmid by re-
combination. The fidelity of all entry and destination clones was
confirmed by both sequencing and restriction analyses.

Binary constructs were electroporated into Agrobacterium
tumefaciens strain GV3101 pMP90. After clone verification,
Agrobacterium-mediated  transformation of  arabidopsis
plants was carried out using the floral dip method (Clough and
Bent, 1998).

Plant material and growth conditions

Arabidopsis thaliana (L.) Heynh. (Col-0) was used as the wild
type. The SALK_076775, SALK_062070 and GK719G04 lines
were obtained from the Nottingham Arabidopsis Stock Centre
(NASC) (Scholl et al., 2000). Homozygous plants for the
T-DNA alleles were isolated by PCR using T-DNA left border
primers and gene-specific primers listed in Supplementary
Data Table S1. The MoblA (At5g45550) RNAI lines used for
root analyses were those described by Galla er al. (2011). The
J2341 enhancer trap line belongs to the Hasselhoff collection
and was provided by the NASC. The pWOXS5::GFP (green
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fluorescent protein) line was described by Ditengou ez al. (2008).
Seeds were surface sterilized for 15 min with a solution of 5 %
(w/v) calcium hypochlorite and 0-02 % Triton X-100. After
three washes in sterile water, they were left to dry under sterile
conditions. Seeds were sown on plates containing 1 % (w/v)
sucrose, half-strength Murashige and Skoog (MS) salts
(Duchefa, Biochemie BV, Haarlem, The Netherlands) and 12 g
L~ agar—agar (Carl Roth, Karlsruhe, Germany) (pH 5-8).
After 2 d of stratification at 4 °C in darkness, plates were trans-
ferred to a growth chamber (16 h light/8 h darkness, 22 °C) for
seed germination and were maintained in a vertical position.

RNA extraction, reverse transcription—PCR (RT—PCR) and
quantitative PCR (q-PCR)

Total RNA was isolated from 1-week-old seedlings using the
RNeasy plant kit (Qiagen, Venlo, The Netherlands) according
to the manufacturer’s protocol. Total RNA (1 pg) was first
treated with DNase (Qiagen) and ﬁrst-stTrhadlnd cDNA was subse-
quently synthesized using RevertAid  M-MuLV Reverse
Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA)
and oligo(dT) primer, according to the manufacturer’s instruc-
tions. A 1-5 pL aliquot of first-strand cDNA was used as template
for PCR amplification in a 25 pL reaction employing a home-
made 7ag DNA polymerase. Amplification reactions for semi-
quantitative analysis were performed with an initial denaturation
step at 95 °C for 30 s, followed by 72 °C annealing/extension for
1 min for 30 cycles, for MoblA and MobIB, and for 25 cycles,
for ACTIN7. The ACTIN7 gene (At5g09810) was used as an in-
ternal control.

Quantitative PCR analysis was performed as described by
Trevisan et al. (2011) on cDNAs synthesized as described by
Manoli et al. (2012). MoblA- and MoblB-specific primers
were chosen on the 3’-untranslated region (UTR) of the respect-
ive genes with the help of PRaTo (http:/prato.daapv.unipd.it;
Nonis et al., 2011). The primers for the reference gene ACTIN2
(At3g18780) have been previously described by Airoldi et al.
(2010). All primer sequences used for -PCR and RT—PCR ana-
lyses are reported in Supplementary Data Table S1.

Plant growth observations and root length measurements

After 1 week of growth in plates, seedlings were transferred to
soil in pots. Images of rosettes, rosette leaves and siliques were
taken with a digital camera. For the examination of seeds con-
tained in siliques, the latter were dissected on a slide under a
Zeiss Stemi SV11 Apo stereomicroscope (Carl Zeiss, Jena,
Germany) and images were acquired with an AxioCam MRc
camera (Carl Zeiss). Root observations and measurements
were performed on seedlings 5 d after germination. To monitor
the abscisic acid (ABA) effect on root growth, seedlings were
transferred 3 d after germination from plates with control
medium to new plates with control medium or medium supple-
mented with 250 nm ABA. Seedlings were then left to grow for
an additional 4 d. For whole root length measurements, plates
containing seedlings were scanned with a CanonScan 9950F
scanner (Canon, Tokyo, Japan). For root tip observations and
measurements, seedlings were incubated for 10 min in 10 g
mL ™" propidium iodide (PI) and mounted on slides in water.
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Images were subsequently acquired with a confocal scanning
microscope, as described in the following paragraph.

Immunocytochemistry

For whole-mount immunolocalizations of PIN1, PIN2 and
PIN4 in root cells, 4-day-old seedlings were fixed with 3 % (w/
V) }'l)araformaldehyde and 0-02 % Triton X-100 in MTSB (7-5 %
L~' PIPES, 095 g L' EGTA, 0-66 g L' MgSO,, 2:5g L~
KOH, pH 7-0) for 45 min and washed three times with dH,O.
The subsequent steps were performed in an InsituPro VS robot
(Intavis, Koeln, Germany). Briefly, tissue permeabilization was
achieved by 30 min incubation in 0-15% (w/v) driselase
(Sigma-Aldrich, St Louis, MO, USA) and 0-15 % (w/v) macero-
zyme (Sigma-Aldrich)in 10 mm MES (pH 5-3) at 37 °C, followed
by four washes in MTSB and two subsequent treatments of 20 min
each with 10% (v/v) dimethylsulfoxide (DMSO), 3 % (v/v)
Nonidet-P40 (Sigma-Aldrich) in MTSB. After five washes in
MTSB, blocking was performed with 3 % bovine serum
albumin (BSA; Carl Roth) in MTSB for 1 h. Rabbit anti-PIN1
(Galweiler et al., 1998) (1:400), guinea pig anti-PIN2 (Ditengou
et al., 2008) (1:1000) and rabbit anti-PIN4 (Friml et al., 2002)
(1:400) primary antibodies in 3 % BSA (in MTSB) were applied
for 4h at room temperature, followed by seven washes in
MTSB. Goat anti-rabbit A555-conjugated and anti-guinea pig
A488-conjugated secondary antibodies (1:600) (Life Techno-
logies) were applied for 3 h at room temperature, followed by
ten washes in MTSB. Samples were mounted in Prolong Gold
antifade reagent containing 4',6-diamidino-2-phenylindole
(DAPI; Life Technologies).

Histochemical GUS staining

Histochemical localization of GUS activity was carried out on
3-to4-day-old Ty and T, generation seedlings. Samples from three
and five independent lines of MoblApro::MobIA-GUS and
Mob1Bpro::GUS, respectively, were fixed in cold 90 % acetone
for 30 min, rinsed in staining buffer (0-5 mm sodium phosphate
buffer pH 7, 5 mm ferrocyanide, 5 mm ferricyanide) and then
placed in a 0-5mg mL™' X-Gluc (5-bromo-4-chloro-3-
indolyl-B-p-glucuronide) staining solution. Tissues were
vacuum-infiltrated for 10 min and incubated at 37 °C for 1.5 h.
After incubation, plants were rinsed with water and cleared by
an overnight incubation in chloral hydrate solution [chloral
hydrate/glycerol/water 8:2:1 (w/v/v)]. Finally plants were
mountedin 50 % glycerol on glass microscope slides and observed
with an Olympus BX50 microscope (Olympus, Tokyo, Japan)
equipped with differential interference contrast (DIC) optics.
Imagines were captured with an Axiocam Zeiss MRc5 colour
camera (Carl Zeiss), and processed with Adobe Photoshop CS4.

Plant fixation, embedding and in situ hybridization (ISH)

Tissue sections 7 pm thick were obtained from fixed and em-
bedded 3- to 6-day-old arabidopsis seedlings as described by
Begheldo et al. (2013). Antisense Mob 1A riboprobes were labelled
with digoxigenin-11-UTP using T3 polymerase following
the protocol of the manufacturer (Roche, Basel, Switzerland).
Probes were selected by PCR on leaf cDNA (forward
5'-CCCCAATAAATTAACGGTAAGAA-3 and reverse
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5'-TGCTTTTCACATGAACACACAT-3' primers) and contained
a 166 bp portion of the MobIA 3'-UTR. De-waxed slides were
obtained by immersion in Histo-Clear® (National Diagnostic,
Atlanta, GA, USA) for 10 min. All ISH steps, with the exception
of staining, were carried out using the Gene Paint suite accessories
(Freedom EVOI100, Tecan, Maennedorf, Switzerland) as
described by Begheldo er al. (2013). The signal was developed
with detection buffer containing NBT-BCiP (Roche) following
the manufacturer’s instructions.

Lugol staining

Five-day-old seedlings were dipped in Lugol’s staining
reagent (Carl Roth) for 10 min, rinsed twice in water and
mounted on slides in chloral hydrate:glycerol:water (8:3:1, w/
v/v). Images were acquired with an Axiovert 200M MAT Zeiss
microscope equipped with DIC optics and an AxioCam ICc 1
camera (Carl Zeiss).

Simultaneous staining of cell borders and starch grains for confocal
microscopy

A method allowing staining of cell borders and simultaneous
sensitive detection of starch grains was employed by modifying
the procedure described by Truernit er al. (2008) as follows.
Seedling were fixed as described above for whole-mount immuno-
localization, washed with dH,O, treated for 25 min in pure metha-
nol and finally slowly rehydrated in dH,O. Subsequently,
seedlings were incubated for 25 min in 1% periodic acid,
washed twice with dH,O and stained with 4 mg L' PI solution
in 100 mm Na,SOj; (pH 1-4 adjusted with HCI, approx. 0-15 m
final concentration). A chloral hydrate solution for microscopy
analyses was used for mounting the samples on slides with a
100 pwm spacer for preservation of the tissue structure.

Confocal microscopy

Images were acquired using a Zeiss LSM 510 NLO confocal
scanning microscope. Excitation wavelengths were 488 nm
(argon laser) for A488-conjugated antibodies and GFP and
543 nm (Helium-Neon-Laser) for A555-conjugated antibodies
and PI staining. Emission was detected at 500—550 nm for
A488-conjugated antibodies and GFP, and at >575 nm for
AS555-conjugated antibodies and PI staining. A two-photon
module was used for imaging of DAPI with excitation at
730 nm and emission at 435-485nm. All multilabelling
signals were detected in multitracking mode to avoid fluores-
cence cross-talk. Images were analysed with the LSM image
browser (Carl Zeiss) and Adobe Photoshop CS2.

Accession numbers

Sequence data of genes used in this article can be found in the
EMBL/GenBank data libraries. The arabidopsis MobIA and
MoblB genes refer to the At5g45550 and At4g19045 loci, re-
spectively.

RESULTS

Bioinformatic analysis of Mob1-like gene expression in arabidopsis

Blastp analysis revealed that, among the four MobI-like genes
present in the arabidopsis genome (Vitulo et al., 2007),
At5g45550 and At4g19045 encode predicted proteins with the
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highest similarity to S. cerevisiae Mobl (E-values: 9e-51 and
le-49, respectively). The two protein sequences both contain
215 amino acids and share 93 % identity (Supplementary Data
Fig. S1). The two genes have been renamed MobIA
(At5g45550) and MoblB (At4g19045), correcting the previous
annotation of the Mob 1B gene, which was formerly attributed to
the At4g19050 locus and wrongly predicted to encode a protein
of 1416 amino acids (Vitulo et al., 2007). Indeed, the
At4g19045 locus has only recently been annotated as the predicted
gene by The Arabidopsis Information Resource (TAIR; http:/
www.arabidopsis.org/).

Inaprevious work, the expression of the Mob IA gene was docu-
mented by real-time PCR analysis in roots, leaves, flowers and
siliques (Galla er al, 2011). Consistently, a search in
Genevestigator V3 (Hruz et al., 2008) showed that MobIA tran-
scripts are detectable ubiquitously in arabidopsis tissues, with a
maximum in seeds, especially in testa and suspensor
(Supplementary Data Fig. S2]. In addition, MobIA expression
appeared to be upregulated by several abiotic (e.g. nitrogen starva-
tion and hypoxia) and biotic stresses (e.g. inoculation with
Pseudomonas syringae) as well as by two plant stress hormones,
abscisic acid (ABA) and salicylic acid (Supplementary Data
Fig. S3). Gene ontology (GO) analysis of the 54 genes showing
the highest co-expression with Mob A in response to 1662 pertur-
bations (Genevestigator) revealed an over-representation of genes
involved in protein localization, cellular lipid metabolic processes
and oxidoreductase activity (Supplementary Data Fig. S4 and
Table S3). Notably, GO analysis of the 55 genes with the
highest co-expression with MoblA in 74 anatomical parts sup-
ported the fact that the set of genes co-expressed with MobIA
was enriched with genes involved in protein localization
(Supplementary Data Fig. S5 and Table S4). In addition, GO
terms (biological processes) such as organelle localization, actin
filament-based movement, vesicle docking, phosphorus metabol-
ic processes, macromolecule modification and developmental cell
growth were enriched in the set of genes co-regulated with MobIA
in different tissues (Supplementary Data Fig. S5).

Microarray data are not yet available for the newly annotated
At4g19045 locus (Mob1B).

Tissue-specific expression analysis of Mob1A and Mob1B

In order to obtain a more detailed spatial analysis of the MobIA
and Mob1B expression patterns in different tissues, we generated
arabidopsis transgenic lines expressing Mob1A::GUS translation-
al and Mob1B::GUS transcriptional fusions under the control of
the Mob 1A and Mob1B native promoters, respectively. The pres-
ence of the MoblA—GUS fusion protein was confirmed in all
organs, in agreement with a previous real-time PCR analysis
(Galla et al., 2011). In 3- to 4-day-old seedlings, MobIA expres-
sion was high in the shoot apical meristem and along the vascula-
ture in cotyledons, hypocotyls and roots (Fig. 1 A). At the root tip,
Mob1A-GUS signal was detected in columella and lateral root
cap cells as well as in the stem cell niche around the quiescent
centre (QC) (Fig. 1B, C). The levels of MoblA expression
decreased progressively in the meristematic zone from the root
tip towards the base of the root, becoming stronger again in the
elongation zone. The specific gradient of MobIA expression
from the columella to the meristematic zone was further confirmed
by ISH with digoxigenin-labelled probes, designed to target
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F1G. 1. Spatial expression of MobIA in arabidopsis seedlings. (A—C) GUS staining of 3- to 4-day-old pMoblA::GUS-MobIA seedlings. In (B), the root proximal

meristem (PM) and the beginning of the elongation—differentiation zone (EDZ) are labelled and indicated by white bars. In (C), the root stem cell niche is outlined

in white. (D and E) In situ hybridization of specific sense (D) and antisense (E) MobIA probes in longitudinal root sections. For (E) every second or every third 7 pm

cross-section from the columella tissue up to the meristem is shown: (1) columella cells, (2) stem cell niche and (3 and 4) distal meristem cells. Scale bars are 10 pmin B
and C, and 50 wm in D and E.

specifically a 166 bp non-conserved portion of the Mob1A 3'-UTR
(Fig. 1D, E). In flowers, MoblA transcription appeared
localized in ovules and pollen, based on both GUS staining
(Supplementary Data Fig. S6A, D) and ISH data
[Supplementary Data Fig. S6B, C, E, F]. This observation is con-
sistent with the role of Mob1A in mega- and microgametogenesis
evidenced by our previously reported results (Galla er al., 2011).

GUS expression driven by the promoter of the MobIB gene
was detected along the vasculature in cotyledons, hypocotyls
and roots of 3- to 4-day-old seedlings (Supplementary Data
Fig. S7). Along the root, the GUS signal of Mob 1B was restricted
to amore limited number of cell files when compared with that of
MobIA, being absent from columella cells and the root tip up to
the transition zone (Supplementary Data Fig. S7G, H).

Isolation of T-DNA and RNA:I lines for Mob1A and Mob1B

In order to assess the effects of a reduced or abolished expres-
sion of Mob1 genes in plants, we used both knock-down (Mob1A
gene) and knock-out (MobIA and Mob1B) approaches. To this

end, putative T-DNA disruption mutants of the two genes were
isolated. Concerning MoblA, homozygous plants were selected
from GABI-Kat (GK719G04; Rosso et al., 2003) and SALK
(SALK_076775; Alonso et al., 2003) lines obtained from
TAIR (Fig. 2A). The GK719G04 line carried a T-DNA insertion
in the first intron of the gene and was renamed moblA-1, while
SALK_076775 had an insertion in the promoter region of the
gene and was renamed moblA-2. RT—-PCR analysis performed
on homozygous moblA-2 plants with primers flanking the
MobIA coding sequence revealed a level of transcript similar
to that of the wild type (Fig. 2B). In contrast, we could not
detect Mob1A mRNA in homozygous moblA-1 plants, suggest-
ing that moblA-1 represented a null mutant (Fig. 2B). For
MoblIB, only one line (SALK_062070) was available and
could be confirmed to contain a T-DNA insertion in the fourth
exon (Fig. 2A). This T-DNA disruption allele was named
moblIB-1. Analysis by RT-PCR on mobIB-1 homozygous
plants with primers flanking the gene’s open reading frame indi-
cated the absence of the Mob 1B transcript, suggesting mob1B-1
as a null allele (Fig. 2B). We analysed the expression of the two



1808

A Mob1A (At5g45550)
mob1A-2 mob1A-1

ATG

Pinosa et al. — A plant Mob1 gene regulates organ development

Mob1B (Atdg19045)

mob1B-1

ATG

=

TGA

TAA
0-5 kb

O

121 "'
1.0
081 J

06

——i

04}

Gene expression (a.u.)

021

mob1A-1 mob1B-1 wit

Mob1B

1.0

-
3
«
S
c
]
?
o 06
S
o
x
o
o
c
o]
(O]

-

mob1A-1 mob1B-1 wt

Fic. 2. Expression analysis of MoblA and Mob1B knock-out mutants. (A) Schematic representation of Mob1A and Mob1B intron—exon structure and T-DNA in-

sertion sites of SALK and GABI Kat lines. Black and whitey boxes indicate exons and untranslated regions, respectively. Arrows indicate primers used for RT—-PCR

analysis of T-DNA mutants. (B) Semi-quantitative and (C) quantitative RT—PCR analysis of Mob1A and Mob 1B expression in T-DNA mutants. In (B) the number of
RT-PCR cycles is indicated in parentheses. Error bars in C represent the s.d.

Mobl genes in the reciprocal knock-out mutants by means of
g-PCR. The abolished expression of MobIA did not affect the
transcript levels of MobIB, and vice versa (Fig. 2C). As an add-
itional approach, we studied Mob 1A knock-down effects in three
independent RN A lines, in which the transcript level of the gene
ranged between 50 and 70 % in comparison with that of the
wild type, and whose generation has been recently described
(Galla et al., 2011).

Reduced Mob1A expression affects plant development
and reproduction

As aninitial step to analyse the effects caused by the reduction
of Mobl gene expression, the phenotypes of moblA-I and

moblB-1 mutations were examined in plants grown in soil.
moblB-1 plants did not display any major defect in plant
growth and development, and reproduced normally to the next
generation (Supplementary Data Fig. S8A). As far as the
moblA-I mutant is concerned, we first sought to confirm the de-
velopmental defects observed in MobIA RNAi lines and
described by Galla et al. (2011). Indeed, moblA-1 exhibited
severe defects in the growth of vegetative organs and in seed
setting capacity, consistent with the reduced growth and
defects in ovule development conferred by RNAi-mediated
downregulation of MobIA reported by Galla et al. (2011).
Rosettes of moblA-1 showed a reduction in size and number of
leaves compared with wild-type plants of the same age
(Fig. 3A, B). Although mobilA-1I carpels and stamens did not
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ovules from siliques of wild-type and mobIA-1I plants. Means =+ s.d. are reported; n = 3 (ten siliques per plant; >370 total seeds were examined). Scale bars are
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display any major morphological alteration (Supplementary
DataFig. S9), siliques collected 8— 10 d after flowering presented
astrongly reduced size (Fig. 3C) and a dramatically high propor-
tion of aborted ovules (Fig. 3D-F).

moblA-1 roots display reduced size, shorter meristem and higher
sensitivity to ABA

The expression pattern of MobIA in the root tip is peculiar for
the presence of high transcript levels in columella cells and the
stem cell niche and for the low levels, nearly below detection, in
the proliferating meristem. Therefore, we set out to investigate
the specific effects of MobIA knock-out and knock-down on
root development. Five days after germination, the root meristem
reaches its maximal size (Dello loio et al., 2007). At this age,
moblA-1 plants exhibited a shorter root length in comparison
with wild-type seedlings (Fig. 4A, B). Microscopic measurements
of mob1A-1roots revealed a significant reduction in meristem size,
number of cortical cells and size of the elongation zone (Fig. 4C—
F). In contrast, moblB-1 plants did not show any change in root
length (Supplementary Data Fig. S8B). To test the growth re-
sponse of seedlings to ABA, which up-regulates MobIA expres-
sion, 3-day-old seedlings were transferred to a growth medium
supplemented with 250 nm ABA. Interestingly, moblA-1 roots
displayed a reduced growth on ABA-containing medium, indicat-
ing a higher sensitivity to ABA in comparison with the wild type
(Fig. 5).

Mobl1A function is involved in tissue patterning of the root tip

Root tip microscopic inspections of mob1A-1 seedlings and T,
plants from three independent MobIA RNAI lines revealed
severe defects in tissue patterning around the QC and the stem

cell niche, consistent with MoblIA expression in this region.
The root tip phenotype of the different lines was characterized
by employing a simultaneous staining of cell borders and
starch grains and through recording of z-stacks with a confocal
microscope. The great majority (90 %) of wild-type root tips
exhibited the typical ordered cellular organization, with the
QC flanked by cortex and endodermis initials and, apically, by
columella initials [columella stem cells (CSCs)] and columella
cell layers (Fig. 6A). In contrast, the root tips of moblA-1 and
MobIA RNAI lines showed a disordered cellular patterning
with different degrees of misalignment of cell files and irregular
cell shapes and division planes (Fig. 6B—D). The degree of pene-
trance of this phenotype ranged between 20 and 33-3 % in
MoblA RNAI lines, and was maximal (43-3 %) in the moblA-1
null mutant (Table 1), consistent with the downregulation or
knock-out of the gene, respectively. The starch granules in the
columella region of these lines appeared completely misaligned,
substantiating a lack of symmetry also in the cellular pattern
of this tissue (Fig. 6A—F). The simultaneous staining of cell
borders and starch grains enabled us to count the undifferentiated
cells between the putative QC and the first columella cells con-
taining starch granules throughout the whole z-stack of a root
tip (Supplementary Data Video). In the roots of the RNAI lines
that showed a distorted cellular pattern, the number of undiffer-
entiated columella cells was significantly higher when compared
with that in wild-type roots (Fig. 6G).

To characterize further the cellular organization of the root tips,
we employed markers specifically labelling the QC, the CSCs and
their surrounding cells. A suitable marker for the plasma mem-
brane of the cells around the QC is the auxin efflux carrier PIN4
(Friml et al., 2002). Indeed, immunolocalization analysis on
MobIA RNAI plants showed a misalignment of PIN4-labelled
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were performed on seedlings 5 d after germination. In the graphs, the mean + s.e. is reported (¥*P < 0-001, r-test).

cell files around the QC and the stem cell niche (Fig. 7A, B). In
addition, the typical PIN4 expression in wild-type columella initi-
als was absent in MoblA knocked-down lines. The localization
pattern of PIN4 and of PIN1 and PIN2, two additional auxin
efflux carriers (Gilweiler et al., 1998; Miiller et al., 1998), in
stele, endodermis, cortex and epidermis cells appeared normal
(Fig. 7A, B) (Supplementary Data Fig. S10]. MobIA RNAi
lines were crossed with pWOXS5::GFP (Ditengou et al., 2008)
and the enhancer trap line J2341 (C24 background) (Sabatini
et al., 2003), which show GFP expression in QC cells and colu-
mella initials, respectively. Analysis of an F, segregating popula-
tion revealed that the GFP expression domains were expanded or
reflected the misalignment of cell files in root tips displaying a
disordered cellular pattern (Fig. 7C—F).

DISCUSSION

Developmental patterning and morphogenesis of multicellular
organisms are determined by co-ordinated cell proliferation, cell

differentiation and programmed cell death. Mob1 proteins are con-
served among eukaryotes and are essential components of path-
ways that control fundamental cellular processes such as mitotic
exit, cytokinesis and apoptosis (reviewed by Vitulo et al., 2007).
MoblA (At5g45550) and Mob1B (At4g19045) are the closest ara-
bidopsis orthologues to S. cerevisiae Mobl, and their predicted
protein sequences share a very high identity level (93 %). Yeast
Mobl is akey player in the MEN and SIN, two signalling pathways
that co-ordinate exit from mitosis with cytokinesis in S. cerevisiae
and S. pombe, respectively. Bedhomme et al. (2008) have shown
that, for several MEN/SIN components, the arabidopsis genome
contains two paralogues for each of the yeast orthologous genes
and have suggested a certain level of functional redundancy.
However, our q-PCR analysis of MobIA and MobIB knock-out
mutants excluded a reciprocal regulation of the two Mobl genes
in arabidopsis seedlings. In addition, mobIA-1 plants exhibit a
severe phenotype in contrast to the absence of visible growth and
reproduction defects in mobIB-1 mutants. Thus, MobIB cannot
compensate for the loss of MobIA function. This might be
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explained by the more restricted expression pattern of MobIB in
comparison with Mob1A or by the loss of Mob 1B protein function.

The phenotype of moblA-I plants included defects in the
number of rosette leaves, ovule development, root growth and
root tip cellular organization. All these traits correlate with the
documented expression of MobIA in the respective tissues and
can be potentially linked to the hypothesized function of arabi-
dopsis Mob1A in the regulation of cell division and cell prolifer-
ation. The expression of MobIA at the shoot apical meristem,
where leaf primordia are formed (Byrne, 2012), supports a pos-
sible role for the gene in this process, as inferred by the reduction
in leaf number upon Mob 1A loss of function. The high proportion
of aborted ovules observed for moblA-1 has also been reported
for MobIA RNAI lines (Galla et al., 2011). In particular, post-
transcriptional silencing of MobIA affected the normal progres-
sion of both female meiosis and megagametogenesis, as well as
pollen maturation. Indeed, we verified the expression of MoblA
in both ovules and pollen.

In this study, we focused particularly on the role of MobIA
during root development. The expression of the gene was docu-
mented along the root vasculature and displayed a specific
pattern at the root tip. Mob 1A transcript levels were high in colu-
mella and lateral root cap cells as well as in the stem cell niche,
but appeared very low in the proximal meristem. The knock-out
of MobIA caused a significant reduction in the size of the root
meristem. A decrease in meristem size can result from reduced
stem cell activity, from loss of division potential of meristematic
cells in the proximal meristem, or from a more rapid entry of
meristematic cells into the elongation zone (Dello Ioio ef al.,
2007). Our data indicate that a reduction in stem cell activity
affecting the replenishment of the meristem is likely to occur
in moblA-I mutant seedlings. The distorted cellular pattern of
the stem cell niche and the columella is a clear sign that the activ-
ity of the stem cells is altered. The disorganization in the cellular

1811

architecture of the root tip was common to both mob1A-1 mutant
and MobIA RNAI lines, although with a variable degree of
phenotypic penetrance that was related to the level of downregu-
lation of MoblA expression. A probable alteration of stem cell
activity in Mob 1A knock-down roots is also suggested by the ex-
pansion and mispositioning of the expression patterns of
proWOX5 and the promoter trap J2341, which identify the QC
and CSCs, respectively.

The expression of Mob1A in the stem cell niche and columella
cells together with the incorrect patterning of these tissues in
Mob 1A knock-out and knock-down lines indicate that the cellu-
lar function of MoblA is critical for pattern formation in this
region. The documented role of Mobl orthologues in the
control of cell division and cell proliferation in other eukaryotes
can potentially also explain the root tip phenotype observed in
arabidopsis moblA-1 and MoblA RNAI lines. Anomalous cell
divisions in the stem cell niche might lead to the observed aber-
rations in the positioning of the QC and stem cells and, as a con-
sequence, to the documented defects in root morphology. More
detailed studies are required to verify which aspects of cell div-
ision are regulated by MoblA in arabidopsis roots. The rate
and the orientation of cell division as well as the completion of
cytokinesis need to be taken into consideration.

The unco-ordinated growth of the columella tissue might also
contribute to the phenotype of mobIA-1 and Mob1A RNAI root
apexes that in some cases resembled ‘tumour-like’ structures.
This phenotype is reminiscent of the effects caused by loss of
Mats function in Drosophila, consisting of increased cell prolif-
eration, defective apoptosis and induction of tissue overgrowth
(Lai et al., 2005; Shimizu et al., 2008). Mats is an orthologue
of yeast Mobl and has been involved in the Hpo signalling
pathway, which participates in the control of tissue growth
(reviewed by Hariharan and Bilder, 2006; Harvey and Tapon,
2007). The morphology of the root tip is ensured by the pro-
grammed cell death of distal columella cell layers, which are pro-
gressively shed from the root cap. Similarly to the role of Mats in
Drosophila, Mobl A might perform a critical function in the
co-ordinated growth of the columella tissue. Support for this hy-
pothesis derives from the observed increase in the number of un-
differentiated columellacells in distorted Mob1A RNAi root tips.
Hence, reduced protein levels could affect the correct balance
between cell proliferation and programmed cell death.

Mob 1A expression is upregulated by several biotic and abiotic
stress conditions. This transcriptional response could be modu-
lated by a mechanism involving plant stress hormones, as sug-
gested by the induction of MobIA expression also brought
about by ABA and salicylic acid. Notably, moblA-1 roots were
more sensitive to ABA. These observations reveal a role for
MoblIA in the response to ABA and suggest a specific function
for a MoblI gene in plants, namely the adjustment of plant
growth in response to stress conditions. Such a function is funda-
mental to plants, which, in contrast to animals, cannot escape
unfavourable life conditions.

In summary, our results provide new insights into the role of
Mobl proteins during plant development. It emerges that
Mob1A function is required for proper organ development and
is likely to be involved in the control of cell division and cell pro-
liferation, similarly to other eukaryotes. In addition, MoblA
might potentially play a role in the adjustment of plant growth
in response to stress conditions.
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TaBLE 1. Frequency of root tips with a distorted cellular pattern
in the wild type, Mob1 A RNAI lines and the mobl1A-1 mutant line

MobIA RNAi
Wild lines
type — moblA-]
4G 2F 6E

Root tips with disordered cellular 3 6 8 10 13
pattern
Observed root tips 30 30 30 30 30
Phenotype penetrance (%) 10 20 267 333 433

SUPPLEMENTARY DATA

Supplementary data are available online and consist of the follow-
ing. Supplementary Methods: alignment of Mobl A and Mob1B
protein sequences, and in silico analyses of gene expression.
Figure S1: sequence alignment of AtMoblA and AtMoblB

proteins. Figure S2: Genevestigator Anatomy expression profile
of MoblA. Figure S3: Genevestigator Perturbation expression
profile of MoblIA. Figure S4: gene ontology (GO) analysis of 54
genes with the highest co-expression with At5g45550 based on
1662 perturbation (Genevestigator: Co-expression tool). Figure
S5: gene ontology (GO) analysis of 55 genes with the highest
co-expression with At5g45550 based on 74 anatomical parts
(Genevestigator: Co-expression tool). Figure S6: MobIA expres-
sion in floral tissues. Figure S7: comparison of MobIA and
Mobl1B spatial expression in arabidopsis seedlings. Figure S8:
absence of visible phenotypes for mobIB-1 plants. Figure S9:
flowers of wild-type and moblA-1 plants. Figure S10: PIN1 and
PIN2 immunolocalization in roots of wild-type and MoblA
RNAIi plants. Table S1: gene-specific primers used for genotyping
and RT—PCR analyses of Mob1A and Mob 1B T-DNA lines. Table
S2: list of the 54 genes with the highest co-expression with Mob 1A
(At5g45550) based on 1662 perturbation (Genevestigator:
Co-expression tool). Table S3: list of the 55 genes with the
highest co-expression with MoblIA (At5g45550) based on 74
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Fi1G. 7. The expression pattern of different cellular markers is altered in Mob 1A
RNAi roots. (A and B) Immunolocalized PIN4 (red) and DAPI staining (blue) in
wild-type (A) and Mob 1A RNAIi (B) root tips. (C and D) Root tip GFP distribution
in the pWOXS5::GFP reporter line (C) and in an F, population from a
pWOXS5::GFP x MoblA RNAI cross (D). Seedlings were incubated for 10 min
in 4 um FM4-64 prior to microscopy observation to visualize the cell plasma
membrane. Note the expanded GFP expression in the sample from the F, crossing
population. (E and F) Root tip GFP distribution in the J2341 columella initials
marker line (E) and in an F, population from a J2341 x MobIA RNALI cross
(F). Plasma membranes were stained with FM4-64 as described above. Cells
expressing GFP in the F, crossing population failed to display the same alignment
as in J2341 roots. Scale bars are 20 wm (A—F).

anatomical parts (Genevestigator: Co-expression tool). Supple-
mentary Video: confocal microscopy z-stack of a MoblA RNAIi
root tip with double staining of cell borders and starch granules.
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