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Lecture 4: 

Patterning of  
shoot growth



Continued growth of shoot and root meristems 
produces the adult plant body 



The shoot meristem is branched and indeterminate, capable of 
producing lateral primordia at the flanks of the meristem.



A meristem is  self-organising and renews itself, 
maintaining a balance between cell proliferation 
and differentiation



…capable of self-repair



Modular growth and production of lateral organs 



The Arabidopsis shoot meristem is divided into functionally distinct zones

Central zone = undifferentiated cells 
Peripheral zone = formation of new 
lateral organs 
Rib zone = formation of new stem

The meristem contains three 
different layers of cells, L1, L2 & L3. 
These generally maintain distinct 
lineages
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SHOOT MERISTEMLESS (STM) and WUSCHEL (WUS) are 
homeodomain genes that are required for formation and 
maintenance of the shoot apical meristem in Arabidopsis.



WUSCHEL expression



Ectopic expression of WUSCHEL induces stem cell proliferation



WUS and STM initiate and maintain 
meristem growth  

- but how is the size of the apical meristem 
constrained? 

the growth of the shoot meristem is 
negatively regulated by…. 

           the CLAVATA gene pathway





These genes 
function in the same 
regulatory pathway.

Mutations in the genes, clavata1, clavata2, coryne and clavata3, 
produce similar phenotypes - enlarged meristems.
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Clavata1, Clavata2 and Coryne are membrane-localised receptor 
proteins expressed in cells deep in the central zone of the meristem





A glycopeptide regulating stem cell fate in Arabidopsis thaliana 
Kentaro Ohyama, Hidefumi Shinohara, Mari Ogawa-Ohnishi & Yoshikatsu Matsubayashi 
Nature Chemical Biology 5, 578 - 580 (2009) 
doi:10.1038/nchembio.182

Clavata3 forms a 13 amino acid arabinosylated glycopeptide

http://www.nature.com/nchembio/journal/v5/n8/full/nchembio.182.html




CLV3 mRNA CLV1 mRNA

Clavata3 encodes a secreted peptide expressed in cells towards the 
apical surface of the meristem, and is a ligand for the CLAVATA1/
CLAVATA2/CORYNE receptors



CLAVATA3 acts as a 
signal across the 
meristem, repressing 
WUSCHEL activity in the 
central zone of the shoot 
meristem.



CLV prevents expansion of WUS domainWUS promotes CLV expression

Brand et al (2000) Science 289, 617-619

CLV and WUS form a feedback loop



Clavata 3 gene function is required to maintain meristem size, and 
sufficient to alter meristem size - Like Wuschel, but in opposition



Brand et al (2000) Science 289, 617-619

CLV and WUS form a negative feedback loop

overexpression of CLV3WT wus



Localisation of key stem cell regulators in the SAM. a Schematic representation of the CLV3 (red) and WUS (blue) mRNA expression 
domains. Note the overlap in the L3 (purple). b Confocal slice through the center of a pCLV3 (red), pWUS (blue), pUBQ10 (gray) 
triple reporter SAM. c Schematic representation of WUS protein localisation (intensity coded in blue). d Confocal slice through the 
center of a pWUS::WUS-linker-GFP rescue SAM. GFP was colour coded on a linear scale 

The Wuschel protein directly activates the Clavata3 promoter,  
and is capable of moving to surrounding cells in the meristem

Fuchs and Lohmann, 2020



Other transcription factors like HAIRY MERISTEM 
(HAM) repress CLV3 expression

Zhou et al. (2015) Nature 517, 377; Zhou et al. (2018) Science 361, 502



CLV3. The downregulation plays the dominant role, as blocking it in
the model leads to expression patterns very similar to the er erl1 erl2
mutant. The model also suggested that the inhibition of CLV3
expression by EPFLs is necessary to shift CLV3 expression
vertically from the organizing center to the top of the SAM.

MATERIALS AND METHODS
Plant materials and growth conditions
The Arabidopsis thaliana ecotype Columbia was used as the wild type. The
following mutants used in the study have been described previously: er-105
erl1-2 erl2-1 (Shpak et al., 2004), epfl1 epfl2 epfl4, epfl1 epfl2 epfl6 and
epfl1 epfl2 epfl4 epfl6 (Kosentka et al., 2019), clv3-9 (Nimchuk et al., 2015)
andwus null allele (SAIL_150_G06; Sonoda et al., 2007). They are all in the
Columbia background.

To create clv3 er erl2, clv3 er erl1 erl2 and wus er erl1 erl2 plants, clv3-9
and wus/+were crossed with er erl1/+ erl2. To create wus clv3 plants, clv3-
9was crossed withwus/+. To createwus clv3 er erl1 erl2 plants clv3 er erl1/
+ erl2 was crossed with wus/+ er erl1/+ erl2. The higher-order mutants
were identified in subsequent generations based on the phenotype. The
homozygous status of wus and erl1 were confirmed when necessary by
genotyping as described previously (Kosentka et al., 2017; Sonoda et al.,
2007). To create clv3 epfl1 epfl2 epfl4 epfl6 plants, the clv3-9 mutant was
crossed with epfl1/+ epfl2 epfl4 epfl6. The epflmutations were genotyped as
described previously (Kosentka et al., 2019).

TheWUSp:H2B-GFP:35St construct (pESH 746)was created by fusing the
4.5 kb sequence of the WUS promoter (Yadav et al., 2009) with H2B-EGFP
and the 35S terminator. The CLV3p:H2B-GFP:CLV3t construct (pESH 747)
was created by fusing the 1.5 kb sequence of the CLV3 promoter with H2B-
EGFP and the 1.2 kb CLV3 terminator. The inserts were generated by overlap
extension PCR and inserted into the binary vector pPZP222 between BamHI
and SalI restiction sites. The template for amplifying the H2B-EGFP sequence
was a plasmid from the Z. Nimchuk lab (UNC Chapel Hill, USA). Both
constructs were examined by sequencing of amplified regions. The pESH746
and pESH747 were transformed into an Agrobacterium tumefaciens strain
GV3101/pMP90 by electroporation and introduced into the wild type
(Columbia ecotype) and er erl1/+ erl2 plants by the floral dip method. T1
transgenic plants were selected using gentamycin resistance. Heterozygous
erl1/+ plants in the T1 generation were identified by genotyping.

Plants were grown as previously described (Kosentka et al., 2017) under
an 18 h light/6 h dark cycle (long days) at 21°C. For analysis of SAM size
and leaf initiation seedlings were grown on modified Murashige and Skoog
medium plates supplemented with 1% (w/v) sucrose. For all experiments,
seeds were stratified for 2 days at 4°C before germination.

To analyze expression of genes after EPFL4 and EPFL6 treatment, epfl1
epfl2 epfl4mutants were grown on modified Murashige and Skoog medium
plates for 5 days (3 DPG). Then 60 seedlings (EPFL4 treatment) or 10
seedlings (EPFL6 treatment) per biological replicate were transferred to 1 ml
of liquid Murashige and Skoog medium containing 10 µM of EPFL4 or
EPFL6. The purification of EPFL4 and EPFL6 peptides has been described
previously (Lin et al., 2017). EPFL peptides were dissolved in 10 mM Bis-
Tris, 100 mMNaCl (pH 6.0). For mock treatment, a buffer solution of equal
volume was added to the medium (92.6 µl in the EPFL4 experiment and
8.7 µl in the EPFL6 experiment). To analyze the effect of EPFL6 in the
presence of cycloheximide, seedlings were incubated for 10 min in
Murashige and Skoog medium containing 10 µM cycloheximide and then

10 µM of EPFL6 was added to the ‘treatment’ group. For each treatment
there were three biological replicas.

Microscopy
To measure leaf initiation and SAM size, one, three and five DPG seedlings
were fixed overnight with ethanol: acetic acid [9:1 (v/v)]. After fixation,
samples were rehydrated with an ethanol series to 30% (v/v) ethanol and
cleared in chloral hydrate solution. Chloral hydrate:water:glycerol 8:1:1 (w/v/
v) solution contained KOH at 10 mM concentration to prevent degradation of
tissues due to high acidity of chloral hydrate. In our experience the acidity of
chloral hydrate (Sigma-Aldrich) varies from batch to batch, and the necessity
to add KOH should be tested experimentally. Microscopic observations of
meristematic regions by DIC microscopy were performed as described
previously (Chen et al., 2013). Tissue samples were fixed overnight in acetic
acid:ethanol (1:9) at room temperature, dehydrated with a graded series of
ethanol, and infiltrated with polymethacryl resin Technovit 7100 (Heraeus
Kulzer) followed by embedding and polymerization in Technovit 7100.
Then, 7 μm sections were prepared using a Leica RM-6145 microtome. The
tissue sectionswere stainedwith 0.02%Toluidine BlueO and observed under
bright-field illumination. Pictures of older seedlings and the analysis of
flower structure was carried out using a Leica MZ16 FA stereomicroscope.

Imaging of the SAMs in T2 plants expressing WUSp:H2B-GFP:35St or
CLV3p:H2B-GFP:CLV3t was carried out using a Leica SP8 White Light
Laser Confocal microscope. EGFP was excited using a 488-nm White Light
Supercontinuum Laser (Leica Microsystems). SCRI Renaissance 2200
(SR2200) was excited with a Diode 405 nm ‘UV’ laser (Leica
Microsystems). EGFP and SR2200 fluorescence emission was collected
with HyD ‘Hybrid’ Super Sensitivity SP Detector (Leica Microsystems ) and
PMTSPDetector (LeicaMicrosystems). Sequential line scanningwas used to
generate z-stacks. For better observation of fluorescence in the SAM of live 1-
day old seedlings, one cotyledon was removed before imaging. SR2200
(Renaissance Chemicals) was prepared as in Musielak et al. (2015) except for
the omission of paraformaldehyde. Samples were incubated in ∼350-500 μl
of staining solution under vacuum for ∼1-2 min at room temperature, washed
with 1× PBS buffer to remove excess dye, and imaged.

The Fiji image processing package was used for all quantitative image
measurements. Two-dimensional slices were used to measure the height of
reporter expression in WUSp:H2B-GFP:35St plants. Three dimensional
images were used for all other measurements. Apical area measurements
were acquired by drawing a circle around the expression domain using the
freehand measurement tool and data were analyzed using one-way ANOVA
with Tukey’s post-hoc test. The er erl1 erl2 mutants in the T2 generation
were identified based on stomata clustering.

Quantitative RT-PCR analysis
Total RNAwas isolated from the above-ground tissues of seedlings using the
Spectrum Plant RNA Isolation Kit (Sigma-Aldrich). The RNA was treated
with RNase-free RQ1 DNase (Promega). First-strand complementary cDNA
was synthesized with LunaScript™ RT SuperMix Kits (New England
Biolabs). Quantitative PCR was performed with a CFX96 Touch Real-Time
PCR Detection System (Bio-Rad) using Sso Fast EvaGreen Supermix (Bio-
Rad). Each experiment contained three technical replicates of three biological
replicates and was performed in a total volume of 10 µl with 4 µl of 10× or
50× diluted cDNA. Cycling conditions were as follows: 3 min at 95°C; then
40 repeats of 10 s at 95°C, 10 s at 52°C forACTIN2 and STM; 10 s at 55°C for
WUS; 10 s at 57°C forMP; 10 s at 50°C forCLV1, BAM1, BAM2 and BAM3,
and 10 s at 68°C, followed by themelt-curve analysis. Cycling conditions for
CLV3were 3 min at 95°C; then 40 cycles of 95°C for 10 s and 60°C for 10 s,
followed by the melt-curve analysis. Primers for ACTIN2, STM, WUS and
MP (Chen et al., 2013) as well as for CLV3 (Chiu et al., 2007) have been
described previously. Primers forCLV1, BAM1, BAM2 and BAM3were as in
Nimchuk et al. (2015). The fold difference in gene expression was calculated
using relative quantification by the 2−ΔΔCT algorithm.
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Fig. 6. Model for the role of ERf signaling in regulation of shoot meristem
maintenance. EPFL signals originating from the periphery of the SAM activate
the ERf signaling cascade that restricts the expression of CLV3 and WUS to
the center of the SAM. LP, leaf primordium.
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et al. (2016) showed that the formation of homodimers could 
a!ect both the binding to DNA and the activity of WUS (Box 
1). They proposed a model in which WUS monomers would 
activate CLV3 in the CZ but WUS dimers would repress CLV3 
in the OC. Sloan and colleagues recently obtained the struc-
ture of fragments of WUS proteins bound to di!erent DNA 
sequences that allowed them to study its binding speci"city fur-
ther (Sloan et al., 2020). They showed that WUS preferentially 
binds to TGAA sequences and that the dimerization allows co-
operative and stabilized binding to speci"c repeated motifs.

In addition to the formation of homodimers, WUS can also 
form heterodimers with members of the HAIRY MERISTEM 
(HAM) family of TFs (Zhou et al., 2015, 2018) (Box 1). The 
triple ham1.2.3 mutant has a very intriguing phenotype in 
which CLV3 expression increases and moves from the CZ to 
the OC. Given that HAM is only expressed in L3, Zhou et al. 
(2018) proposed that the formation of heterodimers between 
WUS and HAM prevents the induction of CLV3 in the OC 
while the absence of HAM in L1 and L2 allows the induction 
of CLV3 by WUS in the CZ. This model is supported by two 

sets of computational simulations that could recapitulate both 
WT and mutant phenotypes (Zhou et al., 2018; Gruel et al., 
2018). Very recently, Su et  al. (2020) also showed that WUS 
physically interacts with STM. They also demonstrated that 
STM could bind to the CLV3 promoter and that this binding 
strengthened the binding of WUS through the formation of a 
WUS–STM heterodimer (Box 1).

Taking these studies together, we can build a model in 
which WUS homodimers and/or WUS–HAM heterodimers 
would inhibit CLV3 expression in the OC, while WUS-STM 
heterodimers or WUS monomers would induce CLV3 ex-
pression in the CZ (Box 1). Studying the movement, DNA 
binding, and transcriptional activity of the WUS homodimers 
and heterodimers should allow us to further understand how 
the dimerization a!ects WUS function in both CZ and OC.

WUS interaction with hormone signalling

Following the identi"cation of its targets, it was shown that 
WUS maintains stem cell identity by repressing di!erentiation, 

Box 1. Recent developments in our understanding of WUS regulation of CLV3 expression

• WUS dimerization could explain its dual functions in the organizing centre and in the central 
zone

Rodriguez et al. (2016) and Perales et al. (2016) showed that WUS forms stable homodimers upon 
binding to DNA in a concentration-dependent manner, which affects its binding to the CLV3 promoter. 
They proposed a model in which WUS dimers negatively regulate CLV3 expression in the OC while 
WUS monomers positively regulate CLV3 expression in the CZ (A).

• WUS can form heterodimers with HAM in the organizing centre

Zhou et al. (2018) showed that WUS can physically interact with members of the HAM family of 
TF’s, which are speci"cally expressed in L3 of the SAM. They proposed a model in which WUS–
HAM heterodimers repress CLV3 expression in the OC while WUS alone in the CZ induces CLV3 
expression (B).

• WUS can form heterodimers with STM in the central zone

Su et al. (2020) showed that WUS can physically interact with STM and that STM binding to CLV3 
promoter can enhance the stability of WUS binding to this promoter through the formation of 
heterodimer in the CZ (B).
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The Wus-Clv interaction domain is constrained by genetic interactions

1. Regulatory activities are modulated by protein dimerisation

2. EPFL (Epidermal Patterning Factor-like) peptide-Erecta receptor 
interactions inhibit lateral spread



The Clavata and Wuschel genes form 
part of a feedback regulated circuit, 
controlling cell proliferation within 
each meristem 

Wus activates a local cytokinin 
response in the meristem



Auxin regulated feedback initiates meristem outgrowth



Competitive interactions between self-reinforcing flows of auxin are 
responsible for initiation and spacing of shoot meristem primordia



PIN1:GFP distribution in the Arabidopsis 
shoot apical meristem



Local application of auxin induces outgrowth of primordia in pin1 mutants





Primordial outgrowths in the meristem are triggered by local influxes of auxin











Emergence of patterns at microscopic scales



Plant organs and the 
Fibonacci series: 

1 petal: Lily 
2 petals: Euphorbia 
3 petals: Iris       
4 petals:  Arabidopsis, Fuchsia 
(decussate arrangement, not 
spiral) 
5 petals: Buttercup, wild rose, 
Larkspur, columbine 
(Aquilegia), pinks  
8 petals: Delphinium  
13 petals: Ragwort, corn 
marigold, cineraria, some 
daisies  
21 petals: Aster, black-eyed 
susan, chicory  
34 petals: Plantain, Pyrethrum  
55, 89 petals: Michaelmas 
daisies, the Asteraceae family 

(With some variation in 
numbers due to noise)

5

5
89

5

3



Specification of leaf axes

Distal

Proximal

Mediolateral

Abaxial

Adaxial



Waites and Hudson (1994) Development 121:2143-2154

Emerging leaf primordia: 
signals from the apex determine adaxial-abaxial polarity

WT phantastica



Feedback-regulated auxin traffic and responses play a key role in 
coordination of whole plant growth 
1. Plant body plans are flexible, and are built step-wise through a series of local interactions. 
2. Auxin is a mobile informational molecule and its directed traffic plays an important role in 

establishing key landmarks during cellular development in plants. 
3. Auxin triggers specific genetic responses in cells via Aux/IAA and ARF pathways. 
4. Genetic responses can trigger coordinated behaviour in adjacent cells, creating feedback 

systems e.g. PIN1-MP, WUS-CLV3 across meristems 
5. Competition for auxin can cause lateral inhibition and result in spatial patterning in 

responsive tissues, e.g. phyllotactic patterning. 
6. PIN-mediated transport of auxin results in coupling of cells, and formation of long-distance 

interactions that can regulate the balance of growth across tissues or the entire plant.


