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Summary

Background: The onset of differentiation entails modifying the gene expression state of
cells, to allow activation of developmental programs that are maintained repressed in the
undifferentiated precursor cells [1, 2]. This requires a mechanism to change gene
expression on a genome-scale. Recent evidence suggests that in mammalian stem cells
derepression of developmental regulators during differentiation involves a shift from stalled
to productive elongation of their transcripts [3-5], but factors mediating this shift have not

been identified and the evidence remains correlative.

Results: We report the identification of the MINIYO (IYO) gene, a positive regulator of
transcriptional elongation that is essential for cells to initiate differentiation in Arabidopsis.
IYO interacts with RNA polymerase II and the Elongator complex and is required to
sustain global levels of transcriptional elongation activity, specifically in differentiating
tissues. Accordingly, /YO is expressed in embryos, meristems and organ primordia and not
in mature tissues. Moreover, differential subcellular protein distribution further refines the
domain of IYO function by directing nuclear accumulation, and thus its transcriptional
activity, to cells initiating differentiation. Importantly, IYO over expression induces

premature cell differentiation and leads to meristem termination phenotypes.

Conclusions: These findings identify [YO as a necessary and sufficient factor for initiating
differentiation in Arabidopsis and suggest that the targeted nuclear accumulation of IYO

functions as a transcriptional switch for this fate transition.



Highlights

MINTYO is necessary for initiating all events of cell differentiation in Arabidopsis
MINIYO sustains global levels of transcriptional elongation in differentiating tissues
Nuclear accumulation of MINIYO is directed to transition cells

MINIYO accumulation is sufficient to initiate cell differentiation



Introduction

Cell differentiation entails two sequential decisions by precursor cells. The first one,
shared by every event of differentiation, is whether to self-renew or initiate this fate
transition. The second decision, specific for each differentiation process, is what cell fate to
attain. Genetic networks determining progression into specific fates have been described in
both animals and plants [6]. In contrast, very little is known about the mechanisms that
trigger differentiation in the first place, possibly because this step is essential for organism
viability and thus less amenable to genetic analysis. In plants, differentiation occurs in
defined niches called meristems and is easily traceable due to the immobility of cells. In
addition, plants have high developmental plasticity and tolerate drastic changes in their
body plan. This renders them a powerful model system to search for genetic factors that
determine the timing of cell differentiation.

It has been proposed that plant hormone gradients serve as instructive signals to set
the boundaries where cell differentiation starts in meristems. For instance, crosstalk
between auxins and cytokinins delimits the transition zone in root meristems [7] and auxin
accumulation defines the position of future organ primordia in the shoot meristem [§].
Several genes involved in generating, perceiving and transducing these hormonal signals
have been linked to these developmental responses [9]. However, it is unknown how the
decision to initiate differentiation is taken at the cellular level. Differentiation implies a
global transcriptional reprogramming, so those factors likely target the transcriptional
condition of the cell. In metazoans it is thought that the undifferentiated status is the default

transcriptional state maintained by self-reinforcement of networks that direct renewal and



repression of genes directing differentiation [2, 10]. Remarkably, in mammalian stem cells
(SCs) chromatin is in an open state [10, 11], implying that the transcriptional machinery
has access to the promoters of genes directing differentiation even though they remain
transcriptionally inactive. In support of this hypothesis, there is genome-wide
transcriptional initiation but productive elongation of developmental regulators directing
differentiation is prevented [3-5]. Differentiation in mammalian SCs may thus involve the
active removal of hindrances preventing transcriptional elongation of developmental genes
or, alternatively, the accumulation of a necessary factor for elongation in the progeny
destined for differentiation. Interestingly, the results presented here suggest that in
Arabidopsis, the specific nuclear accumulation of a positive elongation factor initiates

differentiation.

Results

MINIYO is required for initiating cell differentiation in the shoot apical meristem

The shoot apical meristem (SAM) of Arabidopsis contains a pool of slow proliferating
long-term SCs in the central zone surrounded by faster proliferating transit-amplifying
cells. The progeny from these cells is displaced to the periphery of the SAM where it starts
to differentiate and generates the aerial organs of the plant in a stereotypic phyllotactic
pattern. In an Arabidopsis EMS-mutagenized population we identified the miniyo-1 (iyo-1)
mutant that had delayed emergence of the first leaves and altered phyllotaxis (Figure 1A),
suggesting that organogenesis in the SAM was perturbed. Moreover, the iyo-/ mutants had
enlarged SAMs, ectopic meristems, and fasciated shoots (Figure 1B-C), which could be due

to a defective transition of meristematic cells into differentiation. To clarify the function of



IYO, we analyzed its genetic interaction with CLV3 and STM, two master regulators of
SAM development [12, 13]. CLV3 is expressed in the central zone SCs and is involved in a
feedback regulatory loop to maintain a consistent number of SCs [14]. c/v3-2 plants have
greatly enlarged SC pools [15] and iyo-Iclv3-2 plants combined the features of the
respective single mutants, developing ectopic SAMs, like iyo-I plants, each with an
enlarged SC population (Figure 1C). The additivity of the phenotypes suggests that /YO
and CLV3 have independent functions in the SAM. STM is expressed in meristematic cells
and is required to prevent their differentiation. Accordingly, STM expression is shut down
when cells initiate differentiation in the SAM periphery [13]. Reduced STM activity in an
stm-6 mutant leads to premature differentiation and SAM termination [16]. In contrast, iyo-
Istm-6 plants had indeterminate SAMs (Figure 1D), suggesting that /YO activity is required
for the premature differentiation of stm mutants. Because iyo-1 (see below) and stm-6 are
hypomorphic alleles, their epistatic relationship cannot be determined. However,
considering the phenotype of /YO over expressing plants and the activity domain of /YO
(see below), we infer that /YO is epistatic on STM, initiating differentiation in the meristem
periphery and turning-off STM expression. Consistent with this, the expression of a
pSTM::GUS reporter, which reproduces endogenous STM expression [17], is extended in
iyo-1 shoot apices (Figure 1E). To determine the effects of the iyo-/ mutation at the gene
expression level, we compared the transcriptome of inflorescence apices (comprising the
SAM and associated flower primordia) from wild-type (Wt) and iyo-/ plants. This analysis
revealed that /YO activity is required in inflorescence apices to shift transcriptional profiles
from a program characteristic of undifferentiated cells to a program for flower development

(Figure 1F). Among the genes expressed at higher levels in iyo-1 apices, we found the class



I KNOX tale homeodomain genes STM, KNATI and KNAT6 (Table S1), which are key
factors that prevent differentiation of SAM cells [18]. Among the genes that are expressed
at lower levels in iyo-1 inflorescence apices, we found the homeotic flower organ identity
genes, which are the master regulators of organ formation in inflorescence meristems [19].
These microarray results support a role of /YO in activating cell differentiation and

organogenesis in the SAM.

The iyo-1 mutation causes delayed onset of cell differentiation in all the meristems
Root growth was significantly reduced in iyo-/ plants (Figure S1), suggesting that
IYO may also regulate root meristem development. Cell length of mature root cells was not
altered in the mutant, indicating that the decrease in root length was due to reduced cell
production in the root apical meristem (RAM). Interestingly, the size of the RAM was
unchanged relative to Wt plants (Figure S1), implying that cell differentiation rate was also
reduced in the mutant, balancing the decrease in cell production. To confirm these results,
we analyzed development in the distal end of the RAM, where the transition from precursor
cells (columella initials) to their differentiated progeny (columella cells) can be precisely
determined based on molecular markers (J2341 marker expression in columella initials and
starch accumulation in columella cells [20]). Importantly, the iyo-I roots had additional
tiers of J2341-positive columella initials between the quiescent center and the first file of
starch-containing elongated columella cells (Figure 2A,D), supporting that cell
differentiation in the iyo-/ RAM is delayed. Consistent with a slower rate of differentiation,

the expression of J2341 was transiently retained in columella cells.



The conserved role of /YO in initiating differentiation in the SAM and the RAM
prompted us to test the function in the other plant meristems. The procambium is the
meristem that gives rise to the vasculature. In the vascular bundles of the shoot, procambial
progeny differentiates internally into xylem cells and peripherally into phloem cells.
Histological sections showed that the vascular bundles of iyo-/ mutants contain more files
of procambium cells and fewer mature metaxylem vessels than those of Wt plants (Figure
2B), indicating that the onset of differentiation is also delayed in this meristem. The
protoderm is a meristem that generates the epidermis. To compare protoderm development
at identical developmental stages, we studied it in cotyledons, which, unlike leaves, are
generated synchronously in Wt and iyo-I plants (Figure 1A). The tonoplast GFP-6TIP
marker allows visualization of vacuole maturation during epidermal cell differentiation
[21]. Interestingly, pavement cells in the iyo-/ epidermis retained tonoplast invaginations
until later stages of development, suggesting a slower rate of differentiation (Figure 2C).
Moreover, five days after germination, the iyo-/ cotyledon epidermis still had groups of
small brick-like cells resembling protoderm cells, which later entered the stomatal cell
lineage, at a stage when the Wt epidermis was fully differentiated. As a consequence of the
extra stomata formed, the one-cell spacing rule was disrupted and clusters of 2-8 stomata
protruding from the plane of the epidermis developed in iyo-I cotyledons (Figure 2C).
Clusters of stomata also developed in iyo-1 leaves, indicating that protoderm differentiation
was also perturbed in these organs. These results show that /YO participates in initiating
cell differentiation in all meristems, most likely at a step prior to cell fate commitment,

which is specific for each meristem. This is supported by the observation that, in iyo-1/



plants, cells expressing SC markers (pCLV3::GUS, J2341 or pTMM::TMM-GFP [20, 22,
23]) were found outside of the regular temporal and spatial SC niches (Figure 2D).
Moreover, extra SAMs, flower meristems, RAMs, meristemoids and embryos developed in
the iyo-1 mutant (Figure 2E), confirming that ectopic SCs are specified. We conclude from
these results that /YO participates in initiating differentiation of non-committed cells that

may retain SC potential.

IYO is essential for cell differentiation

Positional cloning revealed that the iyo-I phenotypes were caused by a missense
mutation in At4g38440, a gene of unknown function with homologues in all eukaryotic
kingdoms. The mutation changes an amino acid that is strictly conserved in all the putative
IYO orthologues from plants (Figure S2A-B). iyo-1 is recessive and does not affect
transcript accumulation (Figure S2C), suggesting that it is a loss of function allele that may
maintain partial activity. This possibility would explain why, though delayed,
differentiation of every cell type and organ still occurs in iyo-I plants. To test this
hypothesis, we characterized the iyo-2 (SALK 099872) and iyo-3 (SAIL 692-G12)
mutants, which carry T-DNAs insertions in exons and most likely represent null alleles.
Heterozygous plants (iyo-2/[YO or iyo-3/IYO) had phenotypes indistinguishable from Wt
plants, whereas homozygous iyo-2 or iyo-3 mutants were embryo lethal (Figure 3A and
S2D). The size of iyo-2 and iyo-3 seeds was severely reduced (Figure 3A and data not
shown) implying that endosperm development, which drives seed growth in Arabidopsis
[24], is blocked. The endosperm is essential for embryo progression [25], so its defective

development in the iyo-2 and iyo-3 mutants may cause early embryo arrest. Alternatively,



IYO activity may be required in the embryo for its viability, for instance to maintain active
cell proliferation (see discussion). We infer from these results that iyo-2 and iyo-3 are null
alleles of an essential gene. Interestingly, iyo-1/iyo-2 or iyo-1/iyo-3 plants (termed iyo-
1/null hereafter) displayed stronger defects in differentiation than homozygous iyo-1 plants
(Figure 3B). Embryonic cells remained isodiametric, and the embryos retained a globular
shape with radial symmetry, while Wt embryos of the same age (taken from the same
silique) had bilateral symmetry and clearly differentiated cell types and embryonic organs
(Figure 3B). Moreover, the suspensor of the iyo-1/null mutants did not differentiate
terminally but instead developed into an ectopic embryo. Cell proliferation was severely
reduced but both the primary and the ectopic iyo-1/null embryos were viable (Figure 3C).
After germination, the iyo-1/null plants grew very slowly but could be maintained in vitro
for several months. The plants developed into callus-like structures with rudimentary leaves
that emerged around the whole surface (Figure 3C), suggesting that meristematic activity
was not confined to poles as in Wt plants. Reproductive organs were not generated. These
exacerbated phenotypes support the notion that iyo-/ is a hypomorphic allele of /YO, an

essential factor for initiating differentiation in Arabidopsis.

IYO sustains transcriptional elongation to initiate differentiation

IYO encodes a protein with 24% sequence identity to the mammalian RNAPII
Associated Protein 1 (RPAP1) [26] and contains a motif linked to RNA binding that is
disrupted in the iyo-1 allele (Figure S2B). A molecular function in transcriptional
regulation would be consistent with its role in initiating differentiation, so we tested

whether IYO interacts with RNAPIL. In an in vitro pull-down assay, IYO bound
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specifically to the RNAPII subunit RPB3 (Figure 4A). Moreover, an in vivo split YFP
assay showed fluorescence reconstitution in the nucleus of cells co-expressing I'YO with the
RNAPII subunits RPB3 or RPB10 (Figure 4B and S3A-B). Neither the in vitro binding nor
the in vivo YFP reconstitution were affected by the iyo-/ mutation (Figure 4A and data not
shown), which is consistent with the hypomorphic nature of this allele. These results
suggest that [YO interacts directly with RNAPII and may regulate its function. Supporting
this, the iyo-1 mutation reduced the levels in planta of the largest RNAPII subunit RPB1.
Importantly, this reduction was specific for tissues undergoing differentiation (Figure 4C
and S3C), where RPBI mRNA levels were actually elevated (Figure 4C). This implies that
there is an increased rate of RPB1 protein degradation in differentiating tissues of the iyo-1
mutant. Confirming this, poly-ubiquitinated RPB1 accumulated in iyo-/ plants in the
presence of proteasome inhibitor MG132 (Figure 4D). Poly-ubiquitination and proteasome-
mediated degradation of RPB1 are hallmarks of defective transcriptional elongation [27,
28]. Thus, the high levels of these molecular signatures strongly suggest large-scale defects
in transcriptional elongation in differentiating tissues of the iyo-/ mutant. Supporting a
positive role of /YO in elongation, over-expression of /YO-GFP decreased sensitivity to the
elongation inhibitor 6-azauracil (Figure 4E). Transcriptional elongation is a highly complex
reaction that involves a plethora of elongation factors. Interestingly, /YO is highly co-
expressed with ELO3 (Pearson correlation coefficient r=0.76, ACT database), a histone
acetyltransferase that is part of a positive elongation complex, the Elongator complex [29].
IYO bound ELO3 in vitro (Figure 4F), suggesting that the proteins may cooperate in vivo.
Supporting this, we found clear evidence of genetic interaction between /YO and ELO3.

While the elo3-1 mutant has a relatively mild phenotype [30] and iyo-1 delays but does not
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block differentiation, iyo-/elo3-1 embryos did not differentiate embryonic structures and
developed twin embryos from the suspensor (Figure 4G). Once germinated, iyo-Ielo3-1
plants grew as a callus of slowly proliferating undifferentiated cells (Figure 4H). In
addition, callus growth was also observed when iyo-I was combined with the elo2-1 and
elo4-1 mutations (Figure 4H), respectively affecting another component and a regulator of
Elongator [30]. Taken together, these results suggest that IYO interacts with RNAPII and
the Elongator complex to promote transcriptional elongation activity and initiate cell

differentiation.

IYO nuclear accumulation is directed to sites of cell differentiation

Northern blot and in situ hybridization showed accumulation of /YO transcripts in
root and shoot apices and in leaf and flower primordia, while tissues containing mainly
mature cells had negligible expression (Figure 5A and S2E and data not shown). Consistent
with this pattern of transcript accumulation, the /YO promoter drove expression of the GUS
reporter (p/YO::GUS) in the endosperm, the embryo, in meristems and in organ primordia
but not in mature cells (Figure 5B-D). In developing leaves pl/YO::GUS expression
followed the reported basipetal gradient of cell maturation [31] while in mature leaves it
was found exclusively in the vascular bundles that contain the procambium meristem
(Figure 5C). Low pIYO::GUS activity was observed in the xylem pole pericycle and in
young root primordia (Figure 5D). The activity increased at the base of stage VII primordia,
in the cells that first differentiate to drive emergence. After emergence and the
establishment of a RAM, the band of strong GUS activity was maintained at the proximal

end of the meristem, marking the start of the transition zone where cells enter
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differentiation (Figure 5D). The expression of the endogenous transcript and the activity of
the promoter fully agree with the genetic data implicating /YO in initiating cell
differentiation, and would also be compatible with a possible role in maintaining
proliferation of undifferentiated cells (see discussion). Moreover, a construct with the /YO
promoter driving IYO-GFP expression (p/YO::1YO-GFP) complemented the iyo mutants,
indicating that it reproduces the activity of the endogenous gene. To analyze subcellular
I'YO-GFP distribution, we focused on the root, which has a stereotyped organization and is
directly accessible for imaging at single cell-resolution. Consistent with the p/YO::GUS
results, plYO::IYO-GFP fluorescence was observed in the RAM and in differentiating cells
but not in mature cells (Figure 6A and data not shown). Interestingly, the subcellular
distribution of IYO-GFP changed as cells entered the transition zone, where cell
differentiation is initiated. While in SCs and in transit-amplifying cells at the meristem core
IYO-GFP localized diffusely, in cells at the meristem periphery IYO-GFP fluorescence
concentrated in the nucleus (Figure 6A-B). To confirm this shift in subcellular distribution
in transition cells and analyze IYO-GFP distribution out of the context of the normal
domain of /YO expression, we used the constitutive 355 promoter. Moreover, we compared
the distribution of I'YO-GFP to that of a different GFP fusion (RPB10-GFP) driven by the
same 35S promoter. Nuclear 35S5::/YO-GFP signal accumulated in cells at the RAM
periphery but not in undifferentiated cells of the meristem core (Figure 6C-D and S4).
Moreover, within the RAM, differentiating protophloem cells, which are distinguished by
strong propidium iodide staining [32], also accumulated 35S::/YO-GFP fluorescence in the
nucleus (Figure 6E). In mature differentiated cells, where /YO is not regularly expressed,

358::IYO-GFP fluorescence was nuclear localized (Figure S4). In lateral roots, nuclear
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accumulation was first observed in differentiating cells at the base of emerging primordia
and later in differentiating cells at the distal and proximal ends of the RAM (Figure S4).
Moreover, imaging of the shoot apex revealed that 35S::/YO-GFP nuclear fluorescence was
absent in the SAM core (Figure 6F). In contrast to these results, in plants expressing
358::RPB10-GFP there was generalized nuclear fluorescence in every cell of the shoot and
root apex, including all the meristematic cells, (Figure 6D-E,G; and S4), a pattern observed
when other nuclear GFP fusions are driven by this promoter [33-35]. These results suggest
that cis elements in the IYO protein sequence direct distinct cytoplasmic/nuclear
partitioning of IYO-GFP in undifferentiated and differentiating cells. Given that this is a
functional fusion, we infer that the subcellular distribution of endogenous IYO is similarly

regulated.

IYO accumulation activates premature cell differentiation

Considering that the transcriptional activity of IYO is involved in initiating
differentiation, low nuclear I'YO levels in meristematic cells may be necessary to maintain
them undifferentiated. Conversely, the increase in nuclear levels at the meristem periphery
may serve to switch on differentiation, provided that IYO were the only limiting factor. A
prediction from this model is that expressing sufficient amounts of IYO may
counterbalance nuclear exclusion in meristematic cells and should then induce premature
differentiation. We generated lines expressing HA tagged I'YO (IYO-HA) under the control
35S promoter and indeed, only lines expressing high amounts of the fusion protein
displayed meristem development phenotypes. Homozygous plants from three independent

transgenic lines with the highest IYO-HA levels (/YO-HAoe lines) had primary SAMs that
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differentiated terminally after producing two small leaves (Figure 7A) and consequently no
reproductive organs were generated. /YO-HAoe homozygous plants also had smaller
primary RAMs, with tracheary elements forming closer to the tip (Figure 7B, arrows).
Moreover, the RAMs were sequentially reduced until they were also eventually consumed.
Importantly, tracheary elements differentiated in pre-emergence lateral root primordia and
root hairs developed in non-elongated cells near the tip (Figure 7C), unequivocal proof of a
premature onset of cell differentiation. These results demonstrate that increased IYO levels
induce differentiation of meristematic cells, eventually even of the long-term SCs at the
core of meristems. Interestingly, the organs formed and the prematurely differentiated cells
were correctly patterned (i.e: tracheary elements formed in the center of the primordia and
root hairs developed in non-elongated cells of the epidermal layer). We conclude from
these results that IYO functions as a universal switch for turning on differentiation after

which, patterning cues establish what specific cell types are generated.

Discussion

The evidence presented here suggests that differentiation in Arabidopsis is activated
by the specific nuclear accumulation of the positive elongation factor IYO in transition
cells. Subcellular redistribution of IYO in those cells may require post-translational
modifications. Interestingly, mitosis induces hyperphosphorylation of RPAP1 [36], the
putative mammalian homologue of /YO, which may be similarly modified. In that scenario,
the changes in mitotic activity as cells are displaced from the meristem core [9] may
translate into altered IYO phosphorylation and could underlie its redistribution into the

nucleus to initiate differentiation. The decreased rates of cell production observed in iyo
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mutants (i.e. in the iyo-I RAM and in iyo-1/null embryos and adult plants) suggest that IYO
may also be required in undifferentiated cells to promote cell division. In that case, /YO
could function as a node coordinating the rates of proliferation and differentiation to
maintain meristem homeostasis, a notion supported by the balanced reduction of those rates
in 7yo mutants. [YO is primarily cytosolic in undifferentiated cells, so a putative function in
cell proliferation could be independent from its transcriptional elongation activity.
Interestingly, the Elongator complex has different molecular activities in the cytosol and in
the nucleus, regulating protein translation and activating transcription respectively [37, 38].
Moreover, Arabidopsis mutants in the Elongator complex show reduced cell proliferation
[30]. An intriguing possibility is that in undifferentiated cells, [YO may recruit the
Elongator complex to control protein translation and promote cell proliferation, while in
transition cells, IYO recruits the Elongator complex to activate transcription and trigger
differentiation.

Although multicellularity and associated with it, cell differentiation, is thought to
have evolved independently in the animal and plant lineages [39, 40], there are also
examples in animal systems where decisions on differentiation are controlled by
transcriptional elongation regulators. In Drosophila melanogaster and in Caenorhabditis
elegans the Pgc and PIE-1 proteins bind respectively to the Cdk9 and Cyclin T subunits of
the p-TEFb kinase to block general transcriptional elongation and prevent differentiation of
primordial germ cells into somatic cells [41, 42]. In vertebrates, repression of
transcriptional elongation also preserves the germline from differentiation [43]. Moreover,
in mammalian embryonic SCs and in Drosophila embryos, productive elongation of

developmental regulators is prevented until differentiation is initiated [5, 44]. In all these
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cases, repression of transcriptional elongation is associated with the maintenance of an
undifferentiated status, and activation with differentiation, a situation similar to what we
have unveiled in Arabidopsis. Whether this negative correlation between elongation
activity and differentiation is the rule will need to be tested in a larger number of systems.
However, it is clear that evolution has repeatedly selected regulators of elongation to
mediate the global transcriptional reprogramming that underlies differentiation. An
important question to resolve in the future is how the targets of these elongation regulators,
and in particular of IYO, are specified. An appealing hypothesis to explore is that the
specificity may depend on epigenetic marks associated with the target genes, for instance

on the presence of poised RNAPII or of particular chromatin modifications.

Experimental Procedures
For information about the experimental procedures, please see the Supplemental

Experimental Procedures.
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Figure 1. /YO is required for differentiation in the SAM periphery. (A) Leaf
emergence in plants grown in vitro for 9 days or in soil for the indicated days. Bar: 1 mm.
(B) Histological sections of vegetative (14 day-old plants) and reproductive (21 day-old
plants) SAMs. Bar: 50 [m. (C) Scanning electron micrographs of the SAM (23 day-old
plants) and light images of shoots (30 day-old plants) from Wt, iyo-1, c/v3-2 and iyo-1clv3-
2 plants. Meristematic cells are pseudocolored in green and flower primordia in light brown
for clarity. Arrow: ectopic SAM. (D) Images of determinate inflorescence apices in the stm-
6 mutant and indeterminate apices, with callus overgrowths, in iyo-Istm-6 plants. (E) GUS
staining pattern in 8 day-old Wt and iyo-/ seedlings transgenic for pSTM::GUS. Bar: 200
pm. (F) Graphical display of microarray expression data (log, of the expression ratio) in

flowers versus callus (Flower/callus) and flowers versus cell culture (Flower/cell cult) for
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the 380 most significantly (p<0.00066388) repressed and the 380 most significantly
(p<0.00015957) induced genes in Wt versus iyo-1 (Wt/iyo) inflorescence apices. See also

Table S1.

Figure 2. The onset of differentiation is delayed in all iyo-/ meristems. (A) Root
tips from 5 day-old plants stained with lugol. Brackets: columella initials. Bar: 25 um. (B)
Histological cross sections through the basal internodes from primary inflorescences (which
develop simultaneously in iyo-1 and Wt) of 35 day-old plants. Images of whole sections
(Bar: 200 pum), vascular bundles (Bar: 50 um) and close ups of the framed regions are
shown. Black dots mark files of procambium cells. P: Phloem cell; X: Xylem cell. (C)
Time series of adaxial epidermis development in cotyledon from Wt and iyo-I plants
expressing a 35S::GFP-0TIP tonoplast marker (green signal). The age of the plants is
indicated in the panels. Arrows: Undifferentiated protoderm cells. Arrowhead: stomatal
cluster. Bar: 50 um and 10 um (panel on the lower right side). (D) Expression of SC
markers in the iyo-1 plants. Insets: expression in Wt plants at the same developmental
stage. pCLV3::GUS: 21 day-old plants (Bar: 2.5 mm) and developing flowers (Bar: 100
um); J2341: root tips from 5 day-old plants (Bar: 50 uM); pTMM::TMM-GFP: cotyledon
epidermis from 6 day-old plants (Bar: 25 pum). (E) Scanning electron micrograph of the
shoot apex from an 11-day-old iyo-I plant. Arrow: ectopic SAM (100% of the plants
developed ectopic SAMs, n= 108). Bar: 50 um. (F) Compound (triple) iyo-1 flower (on
average more than one duplicated flower per plant, n=108 plants). (G) Image of an iyo-1/

root with two RAMs expressing the pCYCBI;1::GUS marker (in 17-day old iyo-1 plants,
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57% displayed at least one root with double RAMs, n= 145 plants). Bar: 25 pym. (H) Twin
embryos in an iyo-1 seed (2 cases of duplicated embryos were found in iyo-/ seeds and
none in Wt seeds, approximately 300 seeds analyzed for each genotype). Bar: 25 um. See

also figure S1.

Figure 3. /YO is an essential factor for differentiation. (A) Nomarski images of
cleared ovules from siliques of heterozygous iyo-2/IYO plants. The iyo-2 (bottom panels)
and the corresponding Wt or heterozygous plants (top panels) from the same silique are
shown. The stage of the Wt or heterozygous embryos is indicated. Similar defects in
endosperm and embryo development were observed in the iyo-3 mutant. Bar: 25 um. (B)
Embryos from the F1 cross between iyo-I homozygous mutants and heterozygous iyo-
2/IYO or iyo-3/IYO plants. Stages of embryogenesis are classified according to the iyo-
1/IYO embryos in the same silique. Arrows: periclinal divisions in the suspensor.
Arrowhead: ectopic embryo (73% of the iyo-1/null seeds developed ectopic embryos from
the suspensor, n=43). The insets in the lower panels show the iyo/null embryos at the same
magnification as the corresponding mature iyo-1/IYO embryo. Bar: 25 pum. (C)
Developmental time series of iyo-1/iyo-2 and iyo-1/IYO progeny derived from the same
plant. The age of the plants is indicated in the panels. Arrowhead: ectopic embryo. Bar: 500

um. See also Figure S2.

Figure 4. IYO activates transcriptional elongation to initiate differentiation. (A) In

vitro RPB3 pull down assay. (B) YFP reconstitution in the nucleus of Nicotiana
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benthamiana plants expressing split nYFP-IYO and RPB3-cYFP or nYFP-IYO and
RPB10-cYFP. Arrow: absence of fluorescence in the nucleolus. Bars: 50 pum and 10 um
(right panels). (C) Levels of the elongating form of RPB1 (Ser2P, left panel) and the RPBI
mRNA levels (right panel) were determined in leaf primordia <2 mm in length (LP) and in
mature fully elongated leaves (ML) from plants grown in vitro for 9 or 16 days. Loading
controls are the Rubisco large subunit (RbcL) and rRNA, respectively. (D) Whole protein
extracts (input) from seedlings treated with (+) or without (-) 20 uM MGI132 were
immunoprecipitated with 8WG16 antibodies (IP) and the presence of RPBI1 and
ubiquitinated proteins was detected with SWG16 or anti-ubiquitin antibodies respectively,
in wild type (W) and iyo-1 (i) plants. (E) Seedlings grown in the presence of different
concentrations (uM) of 6-azauracil (6-AU) for 11 days. (F) in vitro ELO3 pull-down assay.
An unrelated fusion (MBP-JAZ8) was used as an additional negative control. (G) iyo-
lelo3-1 mature embryo. Arrowhead: ectopic embryo forms in the suspensor. Bar: 25 pum.
(H) ivo-1elo3-1, iyo-lelo2-1, and iyo-lelo4-1 plants grown in vitro for 6 weeks. Insets:

development of single mutants for comparison. Bar: 2.5 mm. See also figure S3.

Figure 5. /YO is expressed in meristems and organ primordia. (A) In situ
hybridization of 22 day-old Wt inflorescence apex with a /YO antisense probe. Inset: sense
probe control hybridization. Bar: 100 um. (B-D) GUS staining pattern of p/YO::GUS plants
are shown. Bar: 50 um (developing seed), 100 um (embryo), 2 mm (8 day-old seedling), 50

pm (SAM from 5 day-old seedling), 200 um (developing leaves), 50 wm (lateral root
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primordia and lateral roots). Stages of root primordia development are as previously

defined [45]. GUS reaction time in (B-C) was 14 hours and in (D) 1 hour.

Figure 6. Redistribution of IYO-GFP to the nucleus in cells at the meristem
boundaries. (A) Pattern of p/YO::GUS staining and pI/YO::IYO-GFP fluorescence signal
distribution in roots. Bar: 25 um. TZ: transition zone. EZ: elongation zone. (B) Detail of the
subcellular pIYO::1YO-GFP fluorescence distribution in the epidermal layer of the root.
Arrowhead: first proximal cell showing fluorescence accumulation in the nucleus. Bar: 25
pm. (C) Images of roots from 35S::1YO-GFP and 35S::RPBI10-GFP plants. Bar: 100 um
(D) Details of subcellular fluorescence distribution in the distal (left panel) and proximal
(right panel) ends of the RAM from 35S::/YO-GFP plants. Insets: images from
358::RPBI10-GFP plants at the same stage. First proximal cells showing nuclear
fluorescence accumulation in epidermis (asterisks) and cortex (dots) files are labeled. Bar:
50 pm. (E) Image of the RAM from a 35S::IYO-GFP plant in the focal plane of a
differentiating protophloem file. A close-up of the region framed is shown in the two panels
on the right. Middle panel: propidium iodide staining. Right panel: overlay of propidium
iodide staining and GFP fluorescence. Bar: 50 um. (F) Image from shoot apices. The frame

highlights the SAM core. Bar: 50 um. See also Figure S4.

Figure 7. IYO is a limiting factor for initiating differentiation of meristematic cells.

(A) Images of 10 day-old seedlings and close-up of the SAM in Wt and /YO-HAoe plants.

Bar: 2 mm. Emerged leaves are numbered. (B) Nomarski images of roots from /YO-HAoe
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plants at different days after germination. The dot marks the position of the quiescent center
and the arrowhead the proximal limit of the RAM. The insets show the size of the RAM in
roots of Wt plants of the same age grown in the same plates. Bar: 50 um. Arrows: tracheary
elements. (C) Premature differentiation of tracheary elements in lateral root primordia
(arrows) and of root hairs in non-elongated epidermal cells from lateral roots (asterisks).

Bar: 50 um.
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Inventory of Supplemental Information

Inventory of Supplemental Information:

Figure S1: Root parameters in Wt and iyo-/ plants (Related to Figure 2).

Figure S2: iyo-I mapping information, sequence comparisons and mRNA expression
(Related to Figure 3).

Figure S3: Split YFP reconstitution assays with the negative controls used (Related to
Figure 4).

Figure S4: Comparison of 355:1YO-GFP and 35S::RPBI10-GFP fluorescence distribution
during lateral root development (Related to Figure 6).

Table S1: Expression of a selected list of genes in the microarray experiments performed
(Related to Figure 1).

Supplemental Experimental Procedures.
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Figure S1. Reduced cell proliferation and cell differentiation rates in the iyo-1
RAM (Related to Figure 2). The mean RAM size (measured as the number of meristematic
cells in a cortex file), root length and mature cortex cell length in 5 day-old Wt and iyo-1
seedlings is shown. Error bars: SD; p-value, two-tailed unpaired Student's ¢ test. The means

from two independent experiments are shown.
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Figure S2. Identification of MINIYO (Related to Figure 3). (A) Mapping summary
showing the number of recombinant chromosomes in a total of over 1500 mutant plants
genotyped. (B) Alignment of the region of IYO containing the iyo-/ mutation (G/D amino
acid substitution) that disrupts an RGG box that has been linked to RNA binding [1]. Small
arrowheads: conserved glycines. At: Arabidopsis thaliana; Mt: Medicago truncatula; Vv:
Vitis vinifera, Os: Oryza sativa; Pp: Physcomitrella patents. (C) Total RNA extracted from
shoot apices (Ap) and mature leaves (Leaves) from 22 day-old Wt and iyo-/ plants was
analyzed by northern blot with a /YO probe. (D) Images of seed set in siliques cleared with
ethanol from Wt, iyo-2/[YO and iyo-3/IYO plants grown in the same conditions. (E)
Northern blot hybridization of RNA extracted from the indicated tissue samples. The aerial
tissue from 7 day-old Wt seedlings was separated into hypocotyl plus SAM (Hypoc+SAM)
and cotyledons. Mature rosette and cauline leaves, stems, inflorescence apices and

developing flower samples were from 30 day-old Wt plants.



Wt o Wt iyo

S o = == HypoP

B vy o = SersP
— _————
9 10

o ™ Ser2P

———

Figure S3. IYO interacts in vivo with RNAPII (Related to Figure 4). (A)
Bimolecular fluorescence complementation in the nucleus of split YFP expressed in
Nicotiana benthamiana. Panel 1 and 2: nYFP-IYO and RPB3-cYFP; 3 and 4: nYFP-IYO
and RPB10-cYFP; arrows in 2 and 4 show the lack of reconstituted YFP in the nucleolus.
5: background autofluorescence in untransformed leaf; 6: IYO-nYFP and RPB3-cYFP; 7:
nYFP-IYO and MYC2-cYFP; 8: RPB3-nYFP and cYFP-IYO; 9: RPB3-nYFP and IYO-
cYFP; 10: RPB10-nYFP and RPB3-cYFP. Bars: 50 [m (panels 1, 3, 5-8); 10 [m (panels 2-
4). (B) Reconstituted YFP (nYFP-IYO and RPB10-cYFP) colocalizes with DAPI in nuclei
of Nicotiana benthamiana. Chlorophyll: chlorophyll autofluorescence. Bar: 50 [m. (C) The
levels of the preinitiation form (HypoP), the initiating form (Ser5P) and the elongating
form of RPBI1 (Ser2P) were determined in samples from leaf primordia < 2mm in length
(LP) and in mature fully elongated leaves (ML) of 16 day-old plants with 8WG16, H14 and

HS5 antibodies (Abcam) respectively.
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Figure S4. Nuclear accumulation of IYO-GFP correlates with cell differentiation
(Related to Figure 6). GFP fluorescence pattern in 35S::/YO-GFP and 35S::RPBI10-GFP
plants at different stages of lateral root development. Arrows: cells accumulating nuclear
IYO-GFP at the proximal end of the RAM; arrowheads: accumulation of nuclear I'YO-GFP

at the distal end of the RAM in root cap cells. Bar: 50 pm.



Gene name Symbol | AGI code | log, Wt/iyo | p-value

AGAMOUS AG | At4gl18960 0.82 0.00000479
APETALA3 AP3 | At3g54340 0.67 0.00001521
SEPALLATAI SEP] | At5g15800 0.55 0.00129990
SEPALLATA2 SEP2 | At3g02310 0.47 0.00095834
SEPALLATA3 SEP3 | At1g24260 0.56 0.00013556
PISTILLATA Pl At5g20240 0.77 0.00034612
SEEDSTICK STK | At4g09960 1.07 0.00001899
SHATTERPROOF'| SHPI | At3g58780 0.54 0.00113444
SHATTERPROOEF?2 SHP2 | At2g42830 0.71 0.00015082
SPOROCYTELESS SPL | At4g27330 0.30 0.00591017
APETALA?2 AP2 | At4g36920 0.47 0.00015887
APETALAI AP] | At1g69120 0.04 0.80576105
LEAFY LFY | At5g61850 -0.19 0.02608562
CAULIFLOWER CAL | Atl1g26310 -0.01 0.92920803
UNUSUAL FLORAL ORGANS | UFO | At1g30950 -0.25 0.00911935
SHOOTMERISTEMLESS STM | At1g62360 -0.38 0.02284795
KNOTTED-LIKE 1 KNATI | At4g08150 -0.36 0.00209664
KNOTTED-LIKE 6 KNATG6 | At1g23380 -0.27 0.00547389

Table S1. /YO is required for expression of developmental regulators in shoot inflorescence
apices (Related to Figure 1). The mRNA profiles from 22 day-old Wt and iyo-I/
inflorescence apices were compared by microarray hybridization. The log, of the ratio
between the signals in Wt and iyo-1 samples (mean of three biological replicates, each a
pool of apices collected from 3 independent experiments) and the p-values from unpaired
Student t-tests comparing those signals are presented. The homeotic flower organ identity
genes AG, AP3, SEP1, SEP2, SEP3, PI, AP2, STK, SHPI and SHP?2 require /YO for proper
activation. LFY, AP1, CAL and UFO, which promote inflorescence identity of the SAM,
are expressed similarly and even at slightly higher levels in iyo-1 apices, serving as internal

controls that demonstrate that the iyo-/ and Wt apices had both made the transition to

flowering.




Supplemental experimental Procedures

Materials

The iyo-1 mutant was isolated from an EMS-mutagenized population in the Landsberg
erecta (Ler) ecotype. The clv3-2, stm-6, elo2-1, elo3-1 and elo4-1 (drl1-4) mutants are also
in the Ler background. For all experiments involving mutants, Ler was used as the Wt
control. In the crosses with marker lines (which were in the Col-0 ecotype) we compared
iyo-1 mutants with Wt siblings coming from the same crosses. We did not observe any
effect of the mixed Ler/Col-0 constitution on the expression pattern of the markers.
Transgenic lines were generated in the Col-0 ecotype that was used as Wt control. The /YO
and RPB3 (At2g15430) cDNAs were obtained from the ABRC. RPBI10 (Atlg61700) was
PCR amplified and cloned in pDONR vectors for GATEWAY recombination-based
subcloning (Invitrogen). For bimolecular fluorescence complementation /YO, RPB3 and
RPBI0 were cloned in pBIF vectors and agroinfiltrated into leaves of Nicotiana
benthamiana as described [2]. For expression of GFP and HA tagged fusions, cDNAs were

cloned into pPGWB vectors.

Microscopy analyses

Tissues were fixed and processed for in situ hybridization or scanning electron microscopy
as previously described [3]. For histological analyses, shoot apices were similarly fixed and
embedded in HistoResin, cut into 3 pm thick sections and stained with cresyl violet. For
Nomarski microscopy, tissues were cleared in a solution containing an 8:3:1 mixture of
chloral hydrate:water:glycerol and imaged with a Zeiss Axioskop microscope. For confocal
microscopy plants were monitored using a Leica TCS SP5 laser scanning confocal

microscope with propidium iodide as counterstain.



Microarray analysis
Total RNA from shoot apices was extracted using Trizol (Invitrogen) and microarray
profiles were obtained as described [2]. Microarray data have been deposited at

MIAMEXPRESS (iyo-1 versus Wt inflorescence shoot apices: E-MEXP-1735).

In vitro pull-down assays

IYO and iyo-1 (G962D allele) were cloned into pDEST-TH1 to obtain N-terminal MBP-
fusions. Recombinant proteins were expressed in Escherichia coli and purified according to
standard protocols. In vitro synthesis of RPB3 and ELO3 was done using a plasmid
template with the TNT Coupled Wheat Germ Extract System (Promega) in the presence of

[35S] methionine. Pull-down was performed as previously described [2].

RPB1 Ubiquitination

Seven-day old seedlings grown in liquid MS were treated for 6 h with 20 pM MG132 or
and equivalent amount of solvent (DMSO), and homogenized in 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 10 mM N-ethylmaleimide
and protease inhibitors (Roche). The homogenates were boiled for 10 min, centrifuged, and
the supernatants used for immunoprecipitation by diluting in SDS-free extraction buffer to

a final SDS concentration of 0.1%.
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