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he juvenile-to-adult phase transition
is an important and critical step during plant development to ensure maximum reproductivity. This transition is
regulated by different pathways, in some
of which microRNAs are considered to
be essential key components. In seed
plants, miR156 and miR172 act sequentially in well characterized pathways to
induce the vegetative phase change and
floral formation by the establishment of
spatiotemporal gradients of their cognate
target transcripts that encode master
regulators of development. Recently, we
reported on an unrelated, moss-specific
miRNA that acts similarly in the control
of the juvenile-to-adult phase transition
in Physcomitrella patens. Physcomitrella
miR534a defines the spatial expression
of two transcripts encoding BLADEON-PETIOLE (BOP) transcriptional
coactivators in a cytokinin-dependent
manner. We propose that this miRNAmediated control is a major mechanism
underlying the cytokinin-induced formation of the gametophore meristem in
Physcomitrella. Furthermore, it suggests
a convergent evolution of miRNA-controlled pathways regulating phase transitions in seed and non-seed plants.
Completion of a plant’s life cycle requires
the transition between different developmentally distinct phases. This includes
the vegetative, non-reproductive juvenile
to vegetative adult transition, referred
to as the vegetative phase change,1 and
the successive switch to a reproductively
competent adult. The coordination of
the transition onset between these phases
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with environmental cues is important to
ensure maximum reproductivity. The
regulation of these developmental transitions occurs through different pathways,
some of which are dependent on environmental shifts while others are at least partially environmental cue-independent and
termed as “autonomous pathways.”2
In recent years, several key players of
these pathways were identified including
microRNAs (miRNAs), a specific class of
nuclear-encoded ~21 nucleotides small,
non-coding RNAs that bind to cognate
target RNAs by sequence complementarity3 and negatively regulate target expression by mediating mRNA cleavage,4
translational inhibition,5 or transcriptional repression.6 Various plant miRNA
families and their corresponding RNA
targets are highly conserved between different plant species implying evolutionary
conserved functions, whereas others are
less conserved or species-specific. Many
plant miRNAs have pivotal functions in
the control of various biological processes
such as development, cell differentiation,
phytohormone signaling, apoptosis, biotic
and abiotic stress responses.7,8 A regulatory
function of miRNAs in the control of the
juvenile-to-adult transition was recently
reported for the seed plants Arabidopsis
thaliana and maize,9 and also suggested to
be present in rice.10
In angiosperms a regulatory network involving the conserved miRNAs
miR156,11 and miR172,12 was found to be a
master regulator of autonomous pathways
controlling the vegetative phase change and
flowering time, respectively (Fig. 1A).2,9
miR156 negatively regulates mRNAs
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Figure 1. Comparison of miRNA-mediated juvenile-to-adult transition pathways in (A) seed plants (adopted from Chen et al.10) and (B) moss. Vertical
color gradients indicate gradual gene expression at particular developmental stages or spatially restricted gene expression in particular cells or tissues
(dark color, high expression; light color, low expression). Arrows: positive regulation; bars: negative regulation. See text for full gene names.

encoding SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) transcription factors,11,13 some of which, SPL9
and SPL10, directly activate the transcription of miR172.14 In turn, miR172
targets and downregulates transcripts
encoding APETALA2 (AP2)-like repressors of the central flowering-inducer gene
FLOWERING LOCUS T (FT).15,16 FT is
transported from leaves to the shoot apex
where it forms a complex with the bZIP
transcription factor FD to activate the floral
MADS-box genes APETALA1 (AP1), and
SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS1 (SOC1).17 Other miR156
SPL targets (SPL3, SPL4 and SPL5) are
activated at the shoot apex and regulate,
in an miR172 and FT-independent manner, the expression of AP1, SOC1 and
additional flowering-related factors such
as LEAFY (LFY ), FRUITFULL (FUL),
and AGAMOUS-LIKE 42 (AGL42).2,18,19
Beside floral induction, the miR156SPL-miR172-AP2 regulatory networks
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mediate leaf trait shifts during the vegetative phase change from juvenile-to-adult
traits in Arabidopsis.10,14,20 Thus, these
regulatory networks require a strict control of SPL and miR172 expression in the
early phases of development to maintain
juvenility and to avoid precocious onset of
adult traits and flower formation.18 This
control is released throughout development by the gradual decrease of miR156
and the synchronous increase of the SPL
and miR172 that trigger juvenile-to-adult
transition (Fig. 1A).10,14,20
These findings raise the question about
the internal signals that act upstream of
such molecular networks. Phytohormones
were reported to act as internal signals
regulating phase transitions. For example,
gibberellins promote floral formation and
cone production in Arabidopsis and conifers, respectively.21,22 Gibberellin-induced
promoter activation of the floral meristem
identity gene LFY was reported as one
mechanism by which gibberellins promote
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flowering in Arabidopsis.21 However, in
woody angiosperms gibberellins act conversely by promoting vegetative growth
and inhibiting flowering.22 Recent evidences also link cytokinins with floral
induction in Arabidopsis via the activation
of the FT paralogues TWIN SISTER OF
FT (TSF) and SOC1.23 Wang et al.18 tested
whether different phytohormones including gibberellins, auxins and cytokinins
affect AtmiR156 expression levels in whole
seedlings, but observed no obvious effect.
These findings indicate the importance of
phytohormones in the regulation of the
juvenile-to-adult transition in seed plants,
but we still await direct evidence that links
phytohormone action to miRNA-based
regulatory pathways in this process.
Cytokinins are known to promote the
juvenile-to-adult transition in mosses, e.g.,
Physcomitrella patens.24 The life cycle of
Physcomitrella is dominated by a haploid
gametophytic generation that is characterized by two distinguishable developmental
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Figure 2. Model of the cytokinin-dependent PpMIR534a-PpBOP1/2 regulatory network controlling the juvenile-to-adult transition in Physcomitrella.
(A) During early development PpMIR534a is expressed within all protonema cells causing effective cleavage of PpBOP1/2 transcripts. The low endogenous cytokinin (CK) levels at this developmental stage cannot inhibit PpMIR534a expression. (B) A gradual increase of endogenous cytokinin along the
protonema filament causes repression of PpMIR534a via an unknown mechanism in caulonema apical and subapical cells. Repression of PpMIR534a
leads to reduced miR534a levels and less efficient PpBOP1/2 target cleavage promoting the accumulation of PpBOP1/2 transcriptional coactivators
that may interact with TGA and/or AP2-domain transcription factors to control the expression of cell differentiation factors that act in bud meristem
formation.

phases: the juvenile filamentous protonema and the subsequently emerging adult
leafy gametophore that upon maturation harbors both male and female sex
organs.25 Protonema filaments proliferate
by apical cell divisions whereas the transition to the adult gametophore that is
trigged by cytokinin in a concentrationdependent manner requires the formation
of a three-faced apical cell giving rise to
a bud meristem.24 However, in contrast
to seed plants the molecular mechanisms
underlying this vegetative phase transition
are not yet characterized. Previous studies
on miRNAs in Physcomitrella revealed
a development-dependent differential
expression of some miRNAs pointing to
a possible role of these regulatory elements
in phase transitions in this species.26,27
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We recently identified a network regulating the juvenile-to-adult transition in
Physcomitrella consisting of cytokinin
and the species-specific miR534a along
with its target transcripts encoding homologues of the Arabidopsis transcriptional
coactivators BLADE-ON-PETIOLE 1
and 2 (AtBOP 1/2) (Figs. 1B and 2).28
These findings provided first evidence for
a regulatory role of miRNAs in the regulation of developmental phase transitions in
non flowering plants.
Targeted disruption of the PpMIR534a
genomic locus in ΔPpMIR534a mutant
lines resulted in the loss of miR534a
accompanied by an accelerated bud formation when compared to Physcomitrella
wild type plants.28 miR534a targets PpBOP
transcripts by mediating mRNA cleavage
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of two out of three members of this small
gene family, namely PpBOP1 and 2. Due
to the lack of miR534a and abolished
PpBOP1 and 2 target cleavage steadystate expression levels of both targets were
increased in ΔPpMIR534a mutant lines.
Elevated PpBOP1/2 transcript levels in the
ΔPpMIR534a mutants lead to precocious
bud formation by promoting cell differentiation into three-faced apical cells. This
defect in the timing of bud formation in
ΔPpMIR534a mutants by the deregulation of the miR534a-dependent regulatory
network suggests that PpBOP1/2 expression in Physcomitrella wild type is strictly
regulated by miR534a to define a temporal and/or spatial expression pattern that
underlies the proper onset of bud formation. PpMIR534a-promoter::GUS-fusions
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revealed an ectopic expression of miR534a
throughout juvenile protonema filaments
and young developing buds. However,
the expression of miR534a-sensitive
PpBOP::GUS fusion constructs targeted
to the corresponding PpBOP1 and 2
genomic loci, and thus, were controlled by
the endogenous promoters, was restricted
to apical and subapical caulonema cells
of the filaments. Based on these results
we hypothesized that the specific spatial
expression of PpBOP1 and 2 is controlled
by varying expression levels of miR534a
within a protonema filament. In the basal
regions of a protonema filament miR534a
expression is sufficient to clear PpBOP1/2
expression whereas miR534a expression
levels in apical and subapical caulonema
cells might be gradually repressed leading to increased PpBOP1/2 expression
within these cells. Thus, miR534a may
act as a buffer system that is able to control PpBOP1and 2 expression levels within
specific cells to prevent overaccumulation
of PpBOP1 and 2 transcripts and subsequent bud formation (Fig. 2).
Since the phytohormone cytokinin
triggers the vegetative phase transition
and bud formation in Physcomitrella, the
miR534a-PpBOP1/2 regulatory network
might be a master regulatory switch acting downstream of cytokinin. Treatment
of protonema filaments with cytokinin
caused a specific repression of PpMIR534a
in apical and supapical caulonema cells
throughout the entire Physcomitrella
colony. In addition, PpMIR534a repression within these cells was accompanied
by an increased PpBOP1 and 2 expression
indicating the presence of a miR534aPpBOP1/2 regulatory system operating
in a cytokinin-dependent manner within
these cells (Fig. 2B).
It is known that cytokinin increases
gradually during Physcomitrella development reaching its maximum immediately before the onset of budding.24
Thus, it is likely that this gradual elevation of endogenous cytokinin will lead
to a gradual decrease of miR534a expression specifically in the undifferentiated
apical and subapical cells via a so far
unknown pathway. Possible scenarios
include a cytokinin-responsive repression of transcriptional regulators that
activate the PpMIR534a promoter and/
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or cytokinin-mediated induction of transcriptional repressors that downregulate
PpMIR534a promoter activity. This cytokinin-dependent gradual downregulation
of PpMIR534a within these cells causes
accumulation of PpBOP1 and 2 that reach
certain threshold levels to trigger bud formation (Fig. 2B).
So far, the downstream targets of the
miR534a-controlled PpBOPs remain
unknown. Arabidopsis BOP proteins
act as transcriptional coactivators in the
control of lateral organ architecture by
promoting cell differentiation in their
proximal regions.29-32 AtBOP1 and 2
form homo-oligomers within the cytosol,
but interact with TGA transcription factors, e.g., PERIANTHIA (PAN) upon
translocation to the nucleus29 to induce
the expression of factors promoting cell
differentiation such as ASYMMETRIC
LEAVES2 (AS2) and APETALA1 (AP1)
at the leaf base and floral shoot, respectively.31,32 Beside controlling lateral organ
morphogenesis, first evidence for a role of
AtBOPs in the vegetative-to-reproductive
phase transition was provided by Karim
et al.33 since they identified overlapping
actions of AtBOPs and AtPUCHI in promoting expression of LFY and AP1, both
being essential regulators of floral meristem identity. Whether PpBOPs act in
similar pathways remains to be shown.
However, the characterization of PpBOPs
revealed a high similarity to AtBOPs
with regard to protein structure and their
dual subcellular localization in the cytoplasm and the nucleus. Furthermore, the
genome of Physcomitrella encodes several
close homologues of AtBOP-interacting
proteins (AtPAN, AtTGA and AtPUCHI)
and their downstream targets (AtAS2,
AtAP1, AtLFY) suggesting similar modes
of action of BOP proteins in mosses and
seed plants.28 Further analyses are required
to elucidate the genes participating in this
pathway, especially those acting upstream
of miR534a and downstream of PpBOPs.
Moreover, it remains open whether other
miRNA-controlled regulatory networks
might be involved in the vegetative
phase transition in Physcomitrella. The
miR156-SPL regulon that directly activates the miR172-AP2-FT network to
induce vegetative phase transition and floral induction in Arabidopsis seems to be
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incompletely conserved in Physcomitrella.
Even though miR156 and its cognate SPL
target transcripts are conserved, miR172
seems to be lacking in Physcomitrella.26,34
The differences in mosses and seed plants,
however, suggest a convergent evolution
of miRNA-controlled pathways that are
indispensable for the control of developmental switches during plant growth.
Acknowledgements

This work was supported by the German
Research Foundation (DFG grant
FR1677/3-1 to W.F. and T.A.), and the
German Academic Exchange Service
(DAAD; Ph.D. fellowship to O.S.).
References
1. Poethig RS. Phase change and the regulation of shoot
morphogenesis in plants. Science 1990; 250:923-30.
2. Amasino R. Seasonal and developmental timing of
flowering. Plant J 2010; 61:1001-13.
3. Bartel DP. MicroRNAs: Genomics, biogenesis,
mechanism and function. Cell 2004; 116:281-97.
4. Xie Z, Kasschau KD, Carrington JC. Negative
feedback regulation of Dicer-Like1 in Arabidopsis by
microRNA-guided mRNA degradation. Curr Biol
2003; 13:784-9.
5. Brodersen P, Sakvarelidze-Achard L, BruunRasmussen M, Dunoyer P, Yamamoto YY, Sieburth
L, et al. Widespread translational inhibition by plant
miRNAs and siRNAs. Science 2008; 320:1185-90.
6. Khraiwesh B, Arif MA, Seumel GI, Ossowski S, Weigel
D, Reski R, et al. Transcriptional control of gene
expression by microRNAs. Cell 2010; 140:111-22.
7. Chen X. MicroRNA biogenesis and function in
plants. FEBS Lett 2005; 579:5923-31.
8. Mallory AC, Vaucheret H. Functions of microRNAs
and related small RNAs in plants. Nat Genet 2006;
38:31-6.
9. Poethig RS. Small RNAs and developmental timing
in plants. Curr Opin Genet Dev 2009; 19:374-8.
10. Chen X, Zhang Z, Liu D, Zhang K, Li A, Mao L.
SQUAMOSA promoter-binding protein-like transcription factors: Star players for plant growth and
development. J Integr Plant Biol 2010; 52:946-51.
11. Rhoades MW, Reinhart BJ, Lim LP, Burge CB,
Bartel B, Bartel DP. Prediction of plant microRNA
targets. Cell 2002; 110:513-20.
12. Park W, Li J, Song R, Messing J, Chen X. CARPEL
FACTORY, a Dicer homolog and HEN1, a novel
protein, act in microRNA metabolism in Arabidopsis
thaliana. Curr Biol 2002; 12:1484-95.
13. Schwarz S, Grande AV, Bujdoso N, Saedler H, Huijser
P. The microRNA regulated SBP-box genes SPL9 and
SPL15 control shoot maturation in Arabidopsis. Plant
Mol Biol 2008; 67:183-95.
14. Wu G, Park MY, Conway SR, Wang JW, Weigel
D, Poethig RS. The sequential action of miR156
and miR172 regulates developmental timing in
Arabidopsis. Cell 2009; 138:750-9.
15. Aukerman MJ, Sakai H. Regulation of flowering
time and floral organ identity by a MicroRNA and
its APETALA2-like target genes. Plant Cell 2003;
15:2730-41.
16. Jung JH, Seo YH, Seo PJ, Reyes JL, Yun J, Chua NH,
et al. The GIGANTEA-regulated microRNA172
mediates photoperiodic f lowering independent
of CONSTANS in Arabidopsis. Plant Cell 2007;
19:2736-48.

Volume 6 Issue 6

17. Abe M, Kobayashi Y, Yamamoto S, Daimon Y,
Yamaguchi A, Ikeda Y, et al. FD, a bZIP protein
mediating signals from the floral pathway integrator
FT at the shoot apex. Science 2005; 309:1052-6.
18. Wang JW, Czech B, Weigel D. miR156-regulated
SPL transcription factors define an endogenous flowering pathway in Arabidopsis thaliana. Cell 2009;
138:738-49.
19. Yamaguchi A, Wu MF, Yang L, Wu G, Poethig RS,
Wagner D. The microRNA-regulated SBP-Box transcription factor SPL3 is a direct upstream activator
of LEAFY, FRUITFULL and APETALA1. Dev Cell
2009; 17:268-78.
20. Nonogaki H. MicroRNA gene regulation cascades
during early stages of plant development. Plant Cell
Physiol 2010; 51:1840-6.
21. Blazquez MA, Green R, Nilsson O, Sussman MR,
Weigel D. Gibberellins promote flowering of arabidopsis by activating the LEAFY promoter. Plant Cell
1998; 10:791-800.
22. Aloni R. Phytohormonal mechanisms that control
wood quality formation in young and mature trees.
In: Entwistle PH, Walker J, Eds. The Compromised
Wood Workshop. Christchurch, New Zealand: The
Wood Technology Research Centre, University of
Canterbury 2007:1-22.

www.landesbioscience.com

23. D’Aloia M, Bonhomme D, Bouche F, Tamseddak K,
Ormenese S, Torti S, et al. Cytokinin promotes flowering of Arabidopsis via transcriptional activation of
the FT paralogue TSF. Plant J 2011; 65:972-9.
24. Decker EL, Frank W, Sarnighausen E, Reski R.
Moss systems biology en route: Phytohormones in
Physcomitrella development. Plant Biol (Stuttg)
2006; 8:397-405.
25. Reski R. Development, genetics and molecular biology of mosses. Bot Acta 1998; 111:1-15.
26. Arazi T, Talmor-Neiman M, Stav R, Riese M, Huijser
P, Baulcombe DC. Cloning and characterization of
micro-RNAs from moss. Plant J 2005; 43:837-48.
27. Fattash I, Voss B, Reski R, Hess WR, Frank W.
Evidence for the rapid expansion of microRNAmediated regulation in early land plant evolution.
BMC Plant Biol 2007; 7:13.
28. Saleh O, Issman N, Seumel GI, Stav R, Samach A,
Reski R, et al. MicroRNA534a control of BLADEON-PETIOLE 1 and 2 mediates juvenile-to-adult
gametophyte transition in Physcomitrella patens. Plant
J 2011; 65:661-74.
29. Hepworth SR, Zhang Y, McKim S, Li X, Haughn
GW. BLADE-ON-PETIOLE-dependent signaling
controls leaf and floral patterning in Arabidopsis.
Plant Cell 2005; 17:1434-48.

Plant Signaling & Behavior

30. Norberg M, Holmlund M, Nilsson O. The BLADE
ON PETIOLE genes act redundantly to control
the growth and development of lateral organs.
Development 2005; 132:2203-13.
31. Jun JH, Ha CM, Fletcher JC. BLADE-ON-PETIOLE1
coordinates organ determinacy and axial polarity in
arabidopsis by directly activating ASYMMETRIC
LEAVES2. Plant Cell 2010; 22:62-76.
32. Xu M, Hu T, McKim SM, Murmu J, Haughn GW,
Hepworth SR. Arabidopsis BLADE-ON-PETIOLE1
and 2 promote floral meristem fate and determinacy in a previously undefined pathway targeting
APETALA1 and AGAMOUS-LIKE24. Plant J 2010;
63:974-89.
33. Karim MR, Hirota A, Kwiatkowska D, Tasaka M,
Aida M. A role for Arabidopsis PUCHI in floral
meristem identity and bract suppression. Plant Cell
2009; 21:1360-72.
34. Axtell MJ, Snyder JA, Bartel DP. Common functions
for diverse small RNAs of land plants. Plant Cell
2007; 19:1750-69.

877

