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HAM proteins promote organ indeterminacy
But how?
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HAIRY MERISTEM (HAM) proteins, members of the GRAS family
of transcriptional regulators, are essential for maintenance of
indeterminate growth in flowering plant shoots, loss-of-function
ham mutants exhibiting a strikingly novel phenotype of shoot
meristem arrest and differentiation. Specific cellular/molecular
functions of HAM proteins underlying meristem maintenance
are unknown. In this review, I highlight findings from recent
analyses of Arabidopsis ham (Atham) loss-of-function
phenotypes, including that HAM function limits the generation
of clonally-derived meristem layers and that HAM function
regulates CLAVATA3 expression. I consider how this new
information both refines our understanding of the role of
HAM proteins in regulating meristem structure and function,
and may also suggest possible downstream HAM protein
transcriptional targets. Finally, I note the significant phenotypic
overlap between Atham phenotypes, and aintegumenta/
anintegumenta-like6 double mutant phenotypes, suggesting
meristem regulatory functions common to, and possible
genetic interactions between, HAM and AINTEGUMENTA.

Introduction

Vascular plants grow discontinuously throughout their life-spans,
repeatedly initiating new shoot and root systems. This capacity
for continuing organogenesis and growth throughout their life-
spans, termed indeterminate growth or simply indeterminacy,
permits plants to adaptively regulate their development in
response to dynamic environments, which, as sessile organisms,
they cannot relocate away from in response to adverse conditions.
Indeterminate growth is also a fundamental aspect of the “life-
strategy” of vascular plants, endowing woody perennials with the
capacity for individuals to persist for thousands of years. A
comprehensive understanding of the genetic basis of indeter-
minacy therefore ranks among the most fundamental goals of
contemporary plant biology.

In 2002, Jeroen Stuurman, Fabienne Jäggi and Cris
Kuhlemeier reported the characterization of a novel Petunia
mutant defective in maintenance of shoot indeterminacy, which
they named hairy meristem (ham).1 HAM function is required
for maintenance of shoot indeterminacy in Petunia. Whereas

wild-type Petunia plants produce as many as 19 leaves before
transitioning to flowering, ham shoots typically exhibit cessation
of both lateral organ and stem production (meristem arrest)
following production of six to 14 leaves. Uniquely among
genotypes exhibiting meristem arrest phenotypes,2-12 meristem
arrest in ham mutants is accompanied by differentiation of the
meristem, convincingly demonstrated by: progressive reduction in
PhSHOOTMERISTEMLESS expression, a marker of meristem
identity, within arrested ham apices; enlargement and vacuoliza-
tion of internal cells of arrested ham shoot apices; and the
appearance of typical stem trichomes on ham shoot apices follow-
ing meristem arrest, the phenotype “hairy meristem” describes.

Exploiting the occasional reversion to wild type of transposon-
tagged ham alleles, Stuurman and colleagues identified the HAM
gene, which encodes a member of the GRAS family of
transcriptional regulators.13-16 Despite ham loss-of-function alleles
exhibiting differentiation at the meristem apex, HAM mRNA is
confined to basal and peripheral regions of the meristem, most
prominently in the provasculature, extending into initiating lateral
organs. The absence of detectable HAM mRNA in the meristem
apex suggests that HAM function entails non-cell-autonomous
signaling from cells in the HAM expression domain of the
basal meristem and/or lateral organ primordia, to more apical
meristematic regions. Supporting this model, Stuurman and
colleagues elegantly demonstrated, through analysis of HAM
revertant sectors on ham mutant plants, that HAM expression in
the basal meristem is likely sufficient to fully restore a wild-type
phenotype.

HAM is therefore an essential component of a non-cell-
autonomous signaling pathway required for maintenance of shoot
meristem identity, and consequently for shoot indeterminacy. Yet
despite the evident significance of HAM function to a central
process of plant development, additional studies focusing upon
HAM function in organ indeterminacy were not to appear for
almost a decade following initial characterization of the ham
mutant. How does HAM promote shoot meristem maintenance?
What is the relationship of HAM function to other pathways
regulating shoot meristem maintenance, such as the WUSCHEL
(WUS)/CLAVATA(CLV) signaling pathway? Assuming (reason-
ably) that HAM is a transcription factor, what are HAM’s
transcriptional targets? How is HAM function itself regulated at
transcriptional, post-transcriptional and post-translational levels?
Addressing these and additional questions would be greatly
facilitated by translating HAM analysis from Petunia into
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Arabidopsis. Relative to Petunia, Arabidopsis offers a wider
range of mutant genotypes for molecular genetic analysis of
HAM function, along with visual reporters of gene expression
and hormone signaling. Independent phylogenetic analyses of
GRAS family proteins consistently identify three Arabidopsis
genes, At2g45160, At3g60630 and At4g00150, as orthologs of
Petunia HAM.14,15,17

In 2010, three studies independently reported phenotypes
resulting from loss-of-function allele combinations of the
three Arabidopsis HAM orthologs17-19 (AtHAMs, alternatively
denoted SCARECROW-LIKE6 or LOST MERISTEMS).
These studies collectively demonstrate that HAM protein
function is required for maintenance of shoot indeterminacy
in Arabidopsis, as well as Petunia, and therefore that HAM is
likely to be a key component of meristem regulation across
flowering plant diversity. Findings from these recent analyses
of AtHAM function are significant not only in that they
provide a foundation from which to launch molecular genetic
analyses of HAM function, but also in that they provide
new insights into the full range of HAM function. Rather
than reviewing the full suite of known HAM functions,
which encompass root as well as shoot development,17,18 this
review will focus on, and attempt to integrate, aspects of the
recent genetic analyses of AtHAM function that inform our
understanding of how HAM proteins regulate shoot meristem
maintenance, and thus shoot indeterminacy.

Flowering Plant Meristem Structure and Function

The shoot meristem is a population of undifferentiated cells
located at shoot apices.20 In Arabidopsis, undifferentiated shoot
meristem cells are marked by expression of the class I knox gene
SHOOTMERISTEMLESS (STM),21 whose expression pattern
in the shoot meristem is typical of class I knox gene expression
across a wide spectrum of flowering plant diversity.1,22 Levels of
STM expression in shoot meristems are non-uniform, exhibiting
a gradient or bi-partite pattern of expression level, with the
strongest expression at the meristem apex and a region of reduced
expression in the more basal meristem, extending into the pro-
vasculature (Fig. 1A). STM expression is absent in lateral organ
anlagen, thereby marking meristem cells fated to differentiate
into stem tissue. Subtending the meristem, cells become enlarged
and vacuolated relative to their meristematic precursors, and no
longer express STM, consistent with differentiation into stem
tissue. The boundary between meristem and subtending stem is
typically quite distinct, the transition in cellular characteristics
occurring across a span of one or a few cells (Fig. 1A). Factors
regulating the transition from undifferentiated but differentiation-
competent meristem cell, to differentiating stem tissue, are
entirely obscure.

To achieve indeterminate growth, meristems must balance
two competing functions: (1) maintenance of their population
of totipotent, undifferentiated stem cells and (2) generation of
differentiation-competent cells from stem cell precursors.23,24 [To
avoid confusion, I refer to totipotent, undifferentiated cells as
“stem cells”, in italics, while cells belonging to stem tissue are

referred to as “stem cells,” without italics]. Both differentiation-
competent cells and stem cells occupy well defined positions
relative to one another along the apical-basal and central-
peripheral axes of the stem (Fig. 2). Stem cells occupy the apical
most several cell layers at the center of the stem apex, a region
histologically defined by slow rates of cell division relative to
surrounding meristem cells, and designated the central zone. As
cells are displaced laterally or basally from the central zone, into
the lateral and rib zones respectively, their rates of cell division
increase and they acquire competence to undergo differentiation
into stem tissue, or, in the lateral zone, to be co-opted for lateral
organ development. The spatial relationship between indeter-
minate central zone and determinate lateral and rib zones,
demonstrates that the developmental decision regulating the
transition from stem cell identity to differentiation-competent cell
is positionally determined, but significant gaps remain in our
understanding of the inter-cellular signaling pathways utilized by
meristem cells to assess their relative positions and to transduce
positional information into appropriate cellular identities.

Does HAM Function Set the Meristem-Stem Boundary?

Both Petunia and Arabidopsis ham mutants exhibit differentiation
of shoot meristems, with differentiating cells most likely acquiring
stem identity.1,17 In Arabidopsis, meristem arrest and differenti-
ation occur robustly in secondary meristems, but with incomplete
penetrance in primary meristems, and, under long-day growth
conditions, exclusively in the inflorescence.17-19 Arrested meri-
stems of Petunia ham mutants exhibit greatly reduced STM
expression levels,1 consistent with meristem differentiation.
Therefore, HAM function is required to repress cellular differentia-
tion within the meristem itself.

Figure 1. Atham1,2,3 inflorescence apices exhibit altered
SHOOTMERISTEMLESS expression and a mixture of meristem and stem
characters. (A) STM expression in a wild type vegetative primary shoot
meristem, and median longitudinal section through a wild type primary
inflorescence meristem. (B) STM expression in an Atham1,2,3 vegetative
primary shoot meristem, and median longitudinal section through an
Atham1,2,3 primary inflorescence meristem. Cartoons of STM expression are
derived from the work of Schulze and colleagues.19 Darker gray levels reflect
increased relative STM expression levels. Brackets to the left of longitudinal
sections indicate the approximate depth of the zone in which cells are of
typical meristematic dimensions. Cells of the Atham1,2,3 apex exhibit a
mixture of characters typical of meristem cells (cell size), and of
differentiating stem cells (vacuolization). Note that despite these abnormal-
ities, the Atham1,2,3 meristem recently produced floral meristems.
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A complete loss of stem cells to differentiation must necessarily
result in meristem arrest and loss of organ indeterminacy. But is
meristem differentiation the primary or sole cause of meristem
arrest? Or is generation of lateral organ and stem tissue
compromised in Atham1,2,3 mutants independently of meristem
differentiation?

Atham1,2,3 primary shoots exhibit abnormalities preceding full
meristem arrest, including aberrant phyllotaxis, broadening and
flattening of the shoot apex, and altered STM expression.17,19

Schulze and colleagues report STM expression in an Atham1,2,3
shoot apex, which is likely not to have undergone meristem
arrest, judging from a recently initiated lateral organ.19STM
expression in this Atham1,2,3 shoot apex is both reduced in
expression level relative to wild type, and expanded spatially
(Fig. 1B). The Atham1,2,3 STM expression maxima no longer
occurs at the meristem apex, but is internalized, displaced
basally relative to wild type by four or five cell layers, and STM
expression extends deeper into the subtending shoot. This
pattern of STM expression in Atham1,2,3 apices suggests
repression of stem tissue differentiation and extended retention
of an undifferentiated cell state. HAM function may be required
for lateral and rib zone cells to transition from undifferentiated
meristem cells to differentiating stem cells.

Consistent with a failure of lateral and rib zone cells to
transition to stem differentiation in the Atham1,2,3 genotype,
Atham1,2,3 shoot apices do not exhibit the distinct boundary
between meristem and subtending, differentiating stem tissue
(Fig. 1B). Instead, Atham1,2,3 shoot apices exhibit an expanded
region in which cells exhibit meristematic cellular dimensions17,19

and STM expression.19 The possibility that Atham1,2,3 meristems
retain a capacity for lateral organ initiation at a stage where
production of stem tissue is impaired, could account for the
deviations from regular phyllotactic patterning characteristic of
Atham1,2,3 mutants (Fig. 1B).

ham phenotypes therefore suggest what may appear to be a
paradoxical set of HAM functions; promoting differentiation, in
the context of the meristem to stem transition, and inhibiting
differentiation, in the context of the meristem. This paradox is
largely resolved if HAM is modeled to function in the generation

and/or maintenance of the boundary between the meristem and
subtending stem, restricting both the acropetal transmission of
hypothetical factors promoting differentiation, and the basipetal
transmission of hypothetical factors promoting an undifferenti-
ated cell state. Such a model of HAM protein function was earlier
proposed by Goldschmidt and colleagues,25 and is similar to
the proposed function for the closely related GRAS protein
LATERAL SUPPRESSOR, which is expressed at meristem/lateral
organ boundaries and mediates non-cell-autonomous signaling
from differentiating lateral organs to shoot meristems. Consistent
with a hybrid meristem/stem identity of Atham1,2,3 shoot apices,
cell vacuolization in Atham1,2,3 apices occurs throughout the
entire domain of meristematic cell dimensions at a frequency
intermediate between the low levels of vacuolization observed in
wild type meristems and the high levels of vacuolization observed
in wild type stem cortex (Fig. 1B).17

If this model, by which HAM establishes or promotes the
meristem-stem boundary, is correct, then meristem arrest is not
necessarily a consequence of meristem differentiation in
Atham1,2,3 mutants. Rather, meristem arrest and meristem
differentiation can be uncoupled as causally distinct Atham1,2,3
phenotypes. Designing experiments to effectively further test
this model may prove a major challenge of future investigations
into HAM function.

Do Atham Mutants Provide A Window
into the “Why” of Tunica-Corpus Organization?

Flowering plant shoot meristems maintain a structure of clonally
distinct layers, resulting from the apical-most meristem cells
undergoing cytokinesis in a strictly or predominantly anticlinal
division plane26-28 (Fig. 2). Both Petunia and Arabidopsis shoot
meristems are organized into three layers, Layer 1 (L1) designating
the apical-most layer generated by anticlinal cell divisions, L2
designating an additional layer generated by anticlinal cell
divisions immediately subtending the L1, and L3 designating
the remainder of the meristem subtending the L2, in which planes
of cell division become variable. Meristem layers generated by
anticlinal cell divisions are collectively termed tunica, while the

Figure 2. Structure of the flowering plant shoot meristem.

www.landesbioscience.com Plant Signaling & Behavior 229



© 2012 Landes Bioscience.

Do not distribute.

meristem region in which cell division planes are variable is
termed corpus. Stratification of the shoot meristem into layers
thereby generates lineage relationships in which specific tissues are
derived from descendants of a specific meristem layer: for example
shoot epidermis is derived exclusively from meristem L1 and
gametophytes are derived exclusively from meristem L2.27 Tunica-
corpus meristem organization is likely an ancestral trait of extant
flowering plants.20

Although the tunica-corpus concept was first articulated by
Schmidt in 1924,26 the functional significance of tunica-corpus
organization remains poorly understood to this day. Why the
meristem should be structured to generate lineage relationships
among differentiating tissues is particularly puzzling in light of the
fact that cell position, rather than cell lineage, is the principle
determinant of cell differentiation until late in organogenesis.29,30

Atham1,2,3 mutants exhibit an expansion in the number of
meristem cell layers generated by anticlinal cell divisions in the
inflorescence apex under both long- and short-day growth
conditions, and in the vegetative apex under short-day conditions,
from the two tunica layers observed in wild type, to as many as
seven readily distinguishable cell layers in Atham1,2,3 apices17,19

(Fig. 3). Expression of the L1 marker gene ATML1 remains
confined to the outer-most layer in Atham1,2,3 apices,
demonstrating that supernumerary layering of Atham1,2,3 shoot
apices is a consequence of either expanded L2 identity, or of
increased levels of anticlinal division in the apical corpus.19HAM
function is therefore required to restrict exclusively anticlinal cell
division to the apical-most two cell layers.

If organ and tissue abnormalities of Atham1,2,3 mutants are
shown to be attributable to supernumerary layering in Atham1,2,3
apices, the functional correlation would suggest a developmental
function for tunica-corpus organization. Atham1,2,3 cauline
leaves are thicker than wild type, resulting from mesophyll
expansion along the adaxial-abaxial axis.17 Might expansion of the
Atham1,2,3 cauline leaf mesophyll result from supernumerary
cell layering of the Atham1,2,3 inflorescence apex, leading to
recruitment of what would amount to altered proportions of
tunica/corpus into initiating cauline leaf primordia? Or does
expansion of cauline leaf mesophyll result from increased
anticlinal cell divisions within cauline leaf primordia following
leaf initiation? It remains unclear if there are causal relationships
between ectopic anticlinal cell divisions of Atham1,2,3 apices and
other Atham1,2,3 phenotypes, including leaf thickness, meristem

arrest and loss-of-indeterminacy, but future investigations of
Atham1,2,3 mutants may provide significant insights into an
enduring enigma, the function (or absence of function?) of tunica-
corpus meristem organization in plant development.

HAM Proteins Regulate CLAVATA3 expression

Maintenance of stem cell identity, the crux of organ indeter-
minacy, depends upon non-cell-autonomous signaling from
meristem organizing centers.23,24 In the shoot apex, the organizing
center is comprised of a small population of cells located within
the rib meristem, adjacent and basal to the central zone and
delineated by expression of the homeodomain transcription factor
WUSCHEL (WUS)2 (Fig. 2). Recent evidence indicates that the
non-cell-autonomous signal emanating from the organizing
center and promoting stem cell identity in the central zone is
the WUS protein itself, which translocates acropetally from the
organizing center in a size-restricted manner consistent with
trafficking through plasmodesmata.31 The region of WUS move-
ment encompasses the entirety of the central zone, in which
WUS directly activates transcription of CLAVATA3 (CLV3).
CLV3 encodes the precursor of a mobile, 12-amino acid peptide
signaling ligand that diffuses basally and laterally away from the
central zone,32-34 binding to CLV1, an LRR-receptor kinase, and
to the CLV2/CORYNE (CRN) LRR-receptor kinase com-
plex,35,36 both localized to a region encompassing the basal central
zone and rib meristem. Binding of CLV3 to CLV1 and CLV2/
CRN both limits CLV3 diffusion, and represses WUS expression,
thereby completing a feedback signaling loop from organizing
center to central zone and back to the organizing center: WUS
promotes CLV3 expression while CLV3 restricts WUS expres-
sion.31,33 Analysis of wus and clv loss-of-function phenotypes
demonstrates that the WUS-CLV signaling pathway functions in
both meristem maintenance and in regulation of meristem size.33,37

Specification and maintenance of WUS expression and
organizing-center identity occurs in response to interpretation of
cellular location along the apical-basal and central-peripheral axes
of the plant body. WUS expression is promoted by cytokinins,
likely synthesized within the meristem, when cytokinin levels
exceed a critical concentration threshold.38-40 WUS in turn
negatively regulates cytokinin signal transduction, generating a
second feedback loop regulating WUS expression.41 Is super-
imposition of the WUS/CLV and WUS/cytokinin signaling loops
sufficient to generate wild-type WUS expression at the apex of
the rib zone? Modeling suggests that this may indeed be the
case,38 but major questions remain with regard to the intercellular
signaling pathways regulating CLV3 expression. WUS is observed
to traffic into cells of the lateral zone adjoining the central zone,
indicating that WUS activity alone is not sufficient to specify
CLV3 expression. What factors in addition to WUS are necessary
to specify CLV3 expression? What is the relationship between
central zone stem cell identity and CLV3 expression? Finally, what
restricts WUS to moving acropetally, rather than uniformly in all
directions?

PhWUS expression in recently arrested meristems of Petunia
ham mutants is comparable in location and expression level to

Figure 3. Wild type and Atham1,2,3 inflorescence apices. Supernumerary
cell layering is evident in the Atham1,2,3 apex. Scale bar conforms to
both wild type and Atham1,2,3 panels.
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wild type, suggesting that HAM function is not required to define
wild-type WUS expression.1 Excellent in situ hybridization
analyses by Schulze and colleagues show that WUS expression
in the vegetative meristem of an Atham1,2,3 mutant grown in
short-day conditions is comparable to wild-type WUS expres-
sion, though shifted slightly basipetally relative to wild type19

(although comparison of WUS expression in wild type and
Atham1,2,3 mutants is complicated by the alterations to meristem
structure in Atham1,2,3 mutants). However, in contrast to WUS,
CLV3 expression in Atham1,2,3 meristems is both significantly
enlarged and shifted basipitally relative to wild type, resulting in
internalization of CLV3 expression, and in the superimposition
of WUS and CLV3 expression (Fig. 4). HAM function is required
to generate wild-type CLV3 expression.

As the level of WUS expression appears to be minimally
disrupted in Atham1,2,3 mutants, it is plausible to speculate that
altered patterning of CLV3 expression in Atham1,2,3 mutants is
not significantly a consequence of the amount of WUS expres-
sion. Alternative mechanisms by which HAM proteins might
regulate CLV3 expression include regulating acropetal inter-
cellular trafficking of WUS from the organizing center to the
central zone, and/or regulating CLV3 expression via a WUS-
independent pathway.

How is WUS movement away from the organizing center
directed acropetally rather than uniformly in all directions? One
possibility, following from the observation that WUS movement
appears to occur via symplastic transport, is that plasmodesmata
location itself channels WUS movement, that is, that there are
no plasmodesmata located at organizing center cell surfaces
through which WUS could move laterally or basally. As noted
by Yadav and colleagues, defining meristem symplastic domains,
which would address this model, is an important priority for
future research.31

Alternatively, plasmodesmata may be available to facilitate
WUS transport in multiple directions, but specific protein-protein
interactions constrain WUS from moving other than acropetally.
The HAM gene expression domain, roughly the inverse of the
combined CLV3 and WUS expression domains, suggests that
HAM proteins are localized appropriately to function in limiting
WUS movement, a model that could be readily tested by
comparison of GFP-WUS trafficking in wild type and
Atham1,2,3 meristems. SCARECROW (SCR), a GRAS protein

related to HAMs,42 regulates movement of the GRAS protein
SHORT-ROOT (SHR), restricting SHR movement from the
stele to the adjoining endodermis by sequestering SHR to the
nucleus, thereby preventing transport through additional root cell
layers.43 The SCR/SHR interaction is essential for wild-type root
patterning, and demonstrates a precedent for GRAS protein
function in limiting transcription factor transport through
plasmodesmata. To my knowledge there are no known examples
of GRAS proteins physically interacting with homeodomain
transcription factors.

What of HAMs regulating CLV3 expression independently of
WUS? Modeling of CLV3 expression suggests that an L1-derived
intercellular signal acts in concert with WUS to generate wild-
type CLV3 expression in the central zone.44 While this model
currently has limited molecular genetic support, it is interesting
to consider in view of Atham1,2,3 shoot phenotypes. As noted
above, the generation of supernumerary cell layers in Atham1,2,3
apices does not coincide with an expansion of L1 identity, as
expression of the L1 marker ATML1 remains restricted to the
outermost cell layer in Atham1,2,3 shoot apices, as in wild type.19

However, the distance separating the L1 layer from the WUS
expression domain is increased in Atham1,2,3 meristems relative
to wild type,19 possibly as a result of the expansion in anticlinal
cell divisions. If both basipetal transport of an L1-derived signal
and acropetal transport of an organizing center-derived signal
(WUS) are required for wild-type CLV3 expression, an increase
in the distance separating L1 and the organizing center could
result in altered expression of CLV3 similar to that observed in
Atham1,2,3 meristems, particularly if WUS translocation is
effected to a greater extent than transmission of the L1-derived
signal.

Schulze and colleagues also examined expression of
AINTENGUMENTA (ANT) in Atham1,2,3 apicies.19

AINTEGUMENTA regulates cell division during lateral organ
development,45 and upregulation of ANT occurs early in the
definition of lateral organ anlagen.46 ANT expression is also
observed within the shoot meristem, at lower levels relative to
organ anlagen, in a band of expression extending across the
meristem apex.19 Wild-type expression of ANT within the shoot
meristem may reflect meristematic ANT function(s). In a non-
arrested Atham1,2,3 vegetative meristem, ANT expression is
elevated and expanded, with expression still observed in a band

of cells across the meristem apex, comparable
in position to wild-type ANT expression, but
extending deeper into the provasculature, and
at a more uniform level of expression.19

Krizek recently reported that Arabidopsis
doubly homozygous for null loss-of-function
alleles of ANT and the related gene
AINTEGUMENTA-LIKE6 (AIL6) exhibit
altered localization of both WUS and CLV3
expression47 (Fig. 4). In both inflorescence and
flower meristems of ant/ail double mutants,
WUS expression is shifted acropetally, in the
inflorescence meristem encompassing the region
normally associated with CLV3 expression,

Figure 4. Expression of WUSCHEL and CLAVATA3 in wild type, Atham1,2,3 and aintegumenta/
aintegumentalike6 genotypes.
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while in flower meristems, WUS expression also expands further
outward peripherally along the apical meristem flanks. CLV3
expression in ant/ail double mutant inflorescence meristems is
both shifted basipetally and expanded laterally, with the maxima
of CLV3 expression overlapping with the region in which WUS is
expressed in wild-type meristems, very similar to CLV3 expression
in Atham1,2,3 apices. WUS and CLV3 expression domains thus
are essentially reversed in ant/ail double mutants, demonstrating
that ANT and AIL6 function is, like HAM proteins, required for
wild-type patterning of CLV3 expression. Notably, ant/ail6
double mutants exhibit loss of indeterminacy in the both the
inflorescence and in agamous flowers.

Although the full extent to which ANT/AIL6 function in
promoting shoot indeterminacy parallels that of HAM function
remains unclear, comparison of Atham1,2,3 and ant/ail6
phenotypes suggests the possibilities both of a genetic interaction
between HAM and ANT/AIL6, and of a causal relationship
between CLV3 internalization and loss of meristem maintenance.
Does internalization of CLV3 expression in Atham1,2,3 and
ant/ail6 correspond to internalization of the meristem stem cell
population? Or does internalization of CLV3 expression induce
loss of stem cell identity? These questions may hold the key to
answering the fundamental question of how HAM proteins
promote organ indeterminacy.

Conclusions and Perspective

While Atham1,2,3 phenotypes support the conclusions of
Stuurman and colleagues, that HAM proteins are required for
shoot meristem maintenance and thereby for shoot indeter-
minacy, the expanded suite of ham shoot meristem phenotypes
revealed by histological and gene expression analyses of
Atham1,2,3, may appear to complicate, rather than facilitate,
our ability to infer the underlying cellular/molecular basis for
meristem arrest and loss-of-indeterminacy in ham mutants. How
might repression of meristem differentiation, promotion of stem
differentiation, restriction of anticlinal cell division within the
meristem, and regulation of CLV3 expression share a common
underlying regulatory mechanism? GRAS proteins function as
transcription factors and regulation of gene expression by
promoter binding or interactions with promoter binding proteins
is well characterized for several GRAS proteins.48-51 Does the
spectrum of Atham1,2,3 phenotypes contain a common motif
that may suggest specific transcriptional targets of HAMs?

The transition from meristem cell to differentiating stem cell
entails a switch from growth by cell division to growth by cell
enlargement. Similarly, the distinction between central zone
stem cells, which in wild-type meristems express CLV3, and

differentiation-competent cells of the meristem lateral and rib
zones, is one of relative rate of cell division, stem cells entering the
cell cycle at lower frequency. A model by which HAM proteins
regulate transcription of genes encoding regulators of cell cycle
progression, such as cyclins and cyclin-dependent kinases, may
account for the differentiation phenotypes of ham mutants, and
possibly for the CLV3 internalization phenotype as well should
Atham1,2,3 CLV3 expression prove to reflect ectopic localization
of stem cell identity. What of the expansion of clonally distinct
meristem layers in Atham1,2,3 mutants? Expansion of anticlinal
cell division resulting from a loss-of-function suggests that
extensive meristem layering may be an evolutionary default in
flowering plants, and that HAM function is needed to promote
periclinal cell divisions generating the corpus. In the root, the
periclinal cell division responsible for generating the cortex and
endodermal layers is regulated by a Cyclin D whose transcription
is promoted by the GRAS protein SHR, demonstrating both a
possible functional link between cell cycle progression and the
orientation of cell division, and a precedent for transcriptional
regulation of cell cycle regulatory genes by a GRAS protein.51

Regulation of cell cycle regulatory gene transcription by HAM
proteins may plausibly account for supernumerary cell layering in
Atham1,2,3 apices. Identification of transcriptional targets of
HAM proteins is clearly a priority for future investigations of
HAM function, and cell cycle regulatory genes are excellent
candidates for examination.

The full power of Arabidospsis as a model system has yet to be
brought to bear on the molecular genetic analysis of HAM
function in plant development. Despite the considerable
advantages of studying HAM function in Arabidopsis relative to
Petunia, Arabidopsis confers the ironic disadvantage of functional
redundancy among genetically unlinked AtHAMs, requiring
double and triple mutant lines to generate loss-of-function
phenotypes, a requirement that complicates both introgression
of reporter fusion constructs, and the generation of multiple
mutant lines for epistasis analysis. One potential means to sidestep
the problem of AtHAM functional redundancy is provided by the
fact that AtHAMs are targets of post-transcriptional regulation by
microRNAs.52,53 MicroRNA regulation has been exploited for
constructing microRNA-resistant HAM alleles,18 which may
generate informative gain-of-function phenotypes, and for
constructing genotypes constitutively overexpressing an HAM
microRNA, which generates a ham loss-of-function phenotype
with a much simpler heritability than the Atham1,2,3 mutant.54

With the HAM saga now securely established in Arabidopsis as
well as Petunia, there is good reason to anticipate that the pace of
discovery in our understanding of HAM function in plant
development will increase dramatically relative to the past decade.
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