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� Background and Aims The arrangement of flowers in inflorescence shoots of Arabidopsis thaliana represents a
regular spiral Fibonacci phyllotaxis. However, in the cuc2 cuc3 double mutant, flower pedicels are fused to the
inflorescence stem, and phyllotaxis is aberrant in the mature shoot regions. This study examined the causes of this
altered development, and in particular whether the mutant phenotype is a consequence of defects at the shoot apex,
or whether post-meristematic events are involved.
�Methods The distribution of flower pedicels and vascular traces was examined in cross-sections of mature shoots;
sequential replicas were used to investigate the phyllotaxis and geometry of shoot apices, and growth of the young
stem surface. The expression pattern of CUC3 was analysed by examining its promoter activity.
� Key Results Phyllotaxis irregularity in the cuc2 cuc3 double mutant arises during the post-meristematic phase of
shoot development. In particular, growth and cell divisions in nodes of the elongating stem are not restricted in the
mutant, resulting in pedicel–stem fusion. On the other hand, phyllotaxis in the mutant shoot apex is nearly as regular
as that of the wild type. Vascular phyllotaxis, generated almost simultaneously with the phyllotaxis at the apex, is
also much more regular than pedicel phyllotaxis. The most apparent phenotype of the mutant apices is a higher
number of contact parastichies. This phenotype is associated with increased meristem size, decreased angular width
of primordia and a shorter plastochron. In addition, the appearance of a sharp and deep crease, a characteristic shape
of the adaxial primordium boundary, is slightly delayed and reduced in the mutant shoot apices.
� Conclusions The cuc2 cuc3 double mutant displays irregular phyllotaxis in the mature shoot but not in the shoot
apex, thus showing a post-meristematic effect of the mutations on phyllotaxis. The main cause of this effect is the
formation of pedicel–stem fusions, leading to an alteration of the axial positioning of flowers. Phyllotaxis based on
the position of vascular flower traces suggests an additional mechanism of post-meristematic phyllotaxis alteration.
Higher density of flower primordia may be involved in the post-meristematic effect on phyllotaxis, whereas delayed
crease formation may be involved in the fusion phenotype. Promoter activity of CUC3 is consistent with its post-
meristematic role in phyllotaxis.

Key words: Arabidopsis thaliana, cup-shaped cotyledon, flower development, organ fusion, phyllotaxis, post-
meristematic shoot development, shoot apical meristem, SAM.

INTRODUCTION

Generation of phyllotactic patterns takes place at the shoot
apex when organ primordia are initiated at the periphery of the
shoot apical meristem (SAM). During pattern assessment at the
shoot apex or in older shoot portions, it is helpful to distinguish
angular distribution and axial distribution (Williams, 1975).
Angular distribution is characterized by a divergence angle
measured along the ontogenetic helix that joins consecutive lat-
eral organs or primordia, whereas axial distribution is described
by internode length along the stem axis. In a number of taxa,
in which lateral organs are quite closely packed even in ma-
ture shoot portions, such as needles on Abies balsamea Mill.
twigs, contact parastichies can be used to determine the shoot

phyllotaxis rather than the divergence angle (Zagórska-Marek,
1985).

Phyllotaxis of mature shoot portions is the combined effect
of pattern generation at the SAM periphery and subsequent
shoot growth. The latter especially affects axial distribution of
the primordia, but its effect on angular distribution of organs
cannot be excluded (as assumed, for example, in a theoretical
model by Roberts, 1977). In general, differences in phyllotaxis
between shoots can be of two types (Meicenheimer and
Zagórska-Marek, 1989; Zagórska-Marek, 1994): qualitative,
when angular distribution is different; or quantitative, when the
angular distribution is the same but other parameters such as
contact parastichy numbers and axial distribution differ.
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Accordingly, the difference between phyllotaxis at the apex
and in the mature portion of the same shoot is usually only
quantitative.

At the earliest stages of primordium initiation, partitioning
of the SAM surface takes place and the boundary between the
primordium and SAM is established on the adaxial side of the
primordium. This boundary region later develops into an organ
axil. Formation of the boundary is accompanied by low growth
rates and strong growth anisotropy, as well as reduced cell divi-
sion frequency (Kwiatkowska and Dumais, 2003). Boundary
regions are also characterized by a unique geometry (a saddle-
like shape, a crease) and a predicted pattern of mechanical
stress (Hamant et al., 2008; Burian et al., 2013). In Arabidopsis
thaliana (L.) Heynh., CUP-SHAPED COTYLEDON (CUC)
genes CUC1, CUC2 and CUC3 encoding NAC-domain tran-
scription factors are expressed in boundary regions (Aida et al.,
1999; Ishida et al., 2000; Takada et al., 2001; Hibara et al.,
2006), which coincide with the region of limited cell divisions
(Breuil-Broyer et al., 2004). Starting from embryogenesis, these
transcription factors define the boundary identity (Aida and
Tasaka, 2006). Single and double mutations in the CUC genes
lead to various shoot organ fusions, to varying degrees of sever-
ity. In the cuc2 cuc3 double mutant, flower pedicels are fused
to the inflorescence stem, and phyllotaxis is aberrant in the ma-
ture shoot portions. However, how such a phenotype develops
has not yet been studied. Thus, the purpose of our investigation
was to identify the nature of these defects and when in the shoot
development the aberrations take place. In particular, we
checked whether the mutant phenotype is a consequence of
defects at the shoot apex, or whether post-meristematic events
are involved.

MATERIALS AND METHODS

Plant material and growth conditions

Wild type (WT) plants of Arabidopsis thaliana Columbia-0
(Col-0; seeds obtained from the Nottingham Arabidopsis Stock
Centre, NASC) and the cuc2-3 cuc3-105 double mutant in the
Col-0 background (Hibara et al., 2006) were initially grown
in a growth room (temperature 19–21 �C, illumination
60 lmol m�2 s�1) under short-day conditions (9 h day/15 h
night) for 3–4 weeks and then moved to a glass house with
long-day conditions (14 h/10 h, temperature 20–24 �C). Plants
with primary inflorescence shoots higher than 10 cm were
(1) used to obtain replicas from the inflorescence shoot apices
or from the young shoot surface; (2) used to prepare hand
cross-sections of stems; or (3) were fixed for microtome sec-
tioning. pCUC3::GUS (Kwon et al., 2006; a gift from Doris
Wagner) were initially grown on plates under continuous
white light and later on soil under long-day conditions, essen-
tially as described previously (Takeda et al., 2011). Primary
inflorescence shoots, approx. 15 cm high, were subjected to
b-glucuronidase (GUS) staining.

Microtome sections and light microscopy

The apical parts of inflorescence shoots, 4 mm long, compris-
ing the SAM and the young not yet fully elongated portion of

the stem, were fixed in FAA (5 mL of 40 % formalin, 5 mL of
glacial acetic acid, 90 mL of 50 % ethanol), dehydrated in a
graded ethanol series followed by an ethanol/buthanol series,
and embedded in the Paraplast Plus embedding medium
(Sigma-Aldrich, No. P3683). Serial longitudinal sections, 8 lm
thick, were prepared with the aid of a Leica RM 2145 micro-
tome equipped with disposable blades (C. L. Sturkey, Inc.),
mounted on glass slides, and stained by periodic acid–Schiff
(PAS) reaction (Feder and O’Brien, 1968). Images were taken
using a bright-field microscope (Olympus BX41) equipped
with a CCD camera (Olympus XC50).

Replica method and scanning electron microscopy

Sequential replicas of the surface of shoot apices and young
inflorescence shoots were obtained as described previously
(Williams and Green, 1988; Kwiatkowska and Burian, 2014).
Briefly, silicon polymer moulds (made of Take 1 impression
material – the hydrophilic vinyl wash material, regular set, Kerr
Corp., Romulus, MI, USA) were taken from the analysed sur-
face and filled with epoxy resin (Devcon 2 ton epoxy). Epoxy
resin casts were sputter-coated and observed by scanning elec-
tron microscopy (SEM; Philips XL 30 TMP ESEN). Pairs of
stereoimages were obtained from each region of interest.
Sequences of two replicas were taken at 24 h time intervals
from 15 shoot apices of the WT, and 12 of cuc2 cuc3; as well
as from six and five young shoot surface fragments of the WT
and cuc2 cuc3 inflorescences, respectively.

GUS staining

Visualization of GUS activity was carried out as described
previously (Nahar et al., 2012), except that staining time
was 72 h. Stained samples were post-fixed in ethanol–acetic
acid solution (9:1), rehydrated and cleared in chloral hydrate–
glycerol–water solution (8 g of chloral hydrate, 1 mL of
glycerol and 2 mL of water).

Assessment of angular and axial flower distribution in
elongated shoots

Inflorescence shoots of five WT and five cuc2 cuc3 plants
were harvested, and their basal ends submerged in a water-
soluble ink for a night. The ink ‘sucked’ into xylem stained
vascular bundles, enabling visualization of the shoot primary
vasculature. Each shoot was then cross-sectioned by hand. The
thickness of sections varied between 0�3 and 2�0 mm depending
on the node distribution. Micrographs of side and top views
of successive sections were taken under a stereomicroscope
(Nikon SMZ800) using a CCD camera (Nikon DS-Fi1). The se-
quence of side-view micrographs obtained for each shoot was
used to measure the section thickness and to assess quantitative
parameters of nodes and internodes (explained further in the
Results). Top-view micrographs were used to measure diver-
gence angles in the following way. First, for each top view
of the cross-section from a sequence, a few approximated diam-
eters were drawn and their intersection was assumed to be a
geometric centre of the stem. Then, the same vascular bundles
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were identified in each pair of successive cross-sections (only
bundles that were not related to flower traces in these stem seg-
ments were chosen); the section images were rotated and super-
imposed so that the positions of these bundles and stem centres
nearly overlapped. After performing this operation for all the
images, those images in which consecutive flower pedicels
were separating from the stem were selected, and divergence
angles between successive pedicels were measured with respect
to the stem geometric centre (either clockwise or counter-
clockwise along the whole shoot, depending on its phyllotaxis).
A similar procedure was performed in order to measure diver-
gence angles between successive flower traces. The image pro-
cessing was performed with the aid of CorelDRAW X6 (Corel
Corp.), and measurements were made with the aid of ImageJ
(National Institutes of Health; downloaded from http://rsbweb.
nih.gov/ij/).

Analysis of surface area, growth and curvature

Rates of cell growth in area, surface areas and surface curva-
ture were computed for replicas using previously described pro-
tocols (Dumais and Kwiatkowska, 2002; Routier-Kierzkowska
and Kwiatkowska, 2008). Briefly, pairs of stereoimages of each
region of interest were used for the stereoscopic reconstruction
of the region surface. For each cell on such a reconstructed sur-
face, maximal and minimal curvatures and their directions were
computed based on the 3-D co-ordinates of vertices (three-way
cell wall junctions) belonging to the cell and all its direct neigh-
bours. Gaussian curvature was computed as the product of min-
imal and maximal curvatures. For each sequence of replicas,
the same vertices were recognized in the consecutive replicas,
and directions of maximal and minimal growth rates were first
computed for each cell vertex (based on deformation of a trian-
gle defined by the vertices that are joined with the vertex by a
common cell wall). Then, the values and directions for all the
cell vertices were averaged, and the areal growth rate for
the cell was computed as the sum of minimal and maximal
growth rates. Cell wall surface areas were computed as sums of
triangles defined by 3-D co-ordinates of two cell vertices and
the cell centroid. The surface area of a SAM was computed as
the sum of surface areas of the outer periclinal cell walls.

All codes used for this analysis were written in Matlab
(The Mathworks, Natick, MA, USA).

Assessment of phyllotaxis at shoot apices

Since SEM images of shoot apices were often not exactly
the top view, which could lead to errors in divergence angle
measurements, phyllotaxis was analysed in top views of shoot
apex surfaces reconstructed from pairs of stereoimages
(Routier-Kierzkowska and Kwiatkowska, 2008). To obtain the
top view of the reconstructed apex surface, a direction normal
to the SAM surface was found and the view from this direction
was regarded as the top view of the apex. In such an image, out-
lines of the SAM and flower primordia (very young primordia
were recognized by elevated Gaussian curvature at curvature
maps) were digitized, and points representing the geometric
centre of the meristem and the geometric centre of each visible
primordium were computed. Based on these points and

outlines, relative surface areas of primordia (the ratio between
orthogonally projected primordium and SAM surface areas),
primordium angular width (primordia of plastochron age from
3 to 6 were used for this comparison, since their boundaries are
easy to define) and divergence angles between consecutive pri-
mordia were measured. Nineteen shoot apices of WT and 20 of
cuc2 cuc3 plants were analysed in this way. Additionally, for
nine WT and ten mutant shoot apices, the relative surface area
of primordia was used to assess the absolute surface area
of these primordia on the basis of the absolute surface area of
the individual SAMs. Plastochron duration was assessed on the
basis of comparison of primordium size and developmental
stage in two consecutive replicas of individual apices.

All codes used for this analysis were written in Matlab, and
are available from the corresponding author on request.

Analysis of inner tissues of the inflorescence stems

Using the longitudinal microtome sections of young shoot
fragments, surface areas of an axil cortex region and of cortex
cells included in this region were measured at each node, with
the aid of ImageJ. An axil cortex region was defined as a sec-
tion fragment delimited by the epidermis, stem vascular bun-
dles and the flower trace diverging at this node. Surface area
was measured for all the cortex cells visible in this section frag-
ment. Sections of eight stems with 3–7 nodes each were ana-
lysed both for the WT and cuc2 cuc3, which in total gives
40 nodes with 15–40 cells each for the WT, and 41 nodes with
15–250 cells each for the mutant plants.

Statistics

For each set of data, the Kolmogorov–Smirnoff test was used
to check if data distribution is normal. For samples with normal
distribution or samples with >100 measurements, the t-test was
used for pair-wise comparisons of differences between sample
means; other samples were compared using Mann–Whitney
test (Zar, 1999). Statistical tests and graphic illustration were
obtained with the aid of Origin 8.6.0 (OriginLab Corp.,
Northampton, MA, USA) or Matlab Statistics Toolbox.

RESULTS

Phyllotactic patterning is impaired in elongated parts of cuc2
cuc3 inflorescence shoots

The most striking feature of the elongated parts of the cuc2
cuc3 shoots is the fusion of the inflorescence stem and basal
portions of pedicels, resulting in a fasciated-like appearance
(Fig. 1A, B). To check whether this defective organ separation
is accompanied by defects in angular distribution of flowers
(siliques) around the inflorescence stem, we first assessed the
divergence angle between pedicels in elongated stem portions,
further referred to as the pedicel phyllotaxis. It was performed
by measuring angles between consecutive pedicels at levels
where they become separated (depart) from the stem, in series
of stem cross-sections. In all the five WT shoots examined, we
observed a regular spiral Fibonacci phyllotaxis (Fig. 1C), with
a mean divergence angle of 135�94 � [standard deviation
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(s.d.)¼ 8�89 �; median¼ 136�88 �]. Among the five cuc2 cuc3
mutant shoots analysed, four exhibited the spiral Fibonacci
phyllotaxis in apical portions, and one displayed an irregular
flower arrangement. In these four mutant shoots, the divergence
angle was nevertheless significantly higher (t-test; P¼ 0�05)
and more variable (mean¼ 176�41 �; s.d.¼ 74�05 �; me-
dian¼ 147�81 �) than that of the WT (compare graphs in
Fig. 1D and C). A histogram of angles pooled for the WT
shoots with Fibonacci phyllotaxis shows a unimodal distribu-
tion (Fig. 1E; 61 angles for five shoots), whereas that of the
mutant Fibonacci shoots was multimodal (Fig. 1F; 115 angles
for four shoots). In both cases, the highest peak was at
130–140 �. On the other hand, no dominating peak was appar-
ent in the histogram for the mutant shoot with an irregular pedi-
cel arrangement (Fig.1G). Thus, defective organ separation
in the cuc2 cuc3 mutant is accompanied by less regular organ
positioning around the stem in its elongated portion.

To explain this relationship we examined the axial distribu-
tion of flowers along the stem and analysed more closely the
fusions between pedicels and the stem in series of stem cross-
sections. For each pedicel we first identified the level where a
vascular bundle supplying this pedicel (flower trace) leaves the
vascular cylinder of the stem (level a), and the level at which
the pedicel becomes separated from the stem (level c)
(Fig. 2A–D). In the WT, the distance between levels a and c
was short and relatively uniform along an individual stem
(Fig. 2B, E) while in cuc2 cuc3 it was much larger and variable
(Fig. 2D, E). Moreover, closer inspection of mutant stems al-
lowed us to distinguish an additional level (level b), which is
never encountered in the WT. This level is located between the
levels a and c and is marked by the appearance of a stripe of
chlorenchyma that extends towards level c forming a connec-
tion (fusion) between the stem and the pedicel (Fig. 2C).
Apparently, variation in the distances between these three
levels, especially between levels b and c (Fig. 2D, E), could ex-
plain some of the defects in mutant pedicel phyllotaxis. In par-
ticular, if we assume that the order of organ production is
manifested by the position of the flower trace, it appears that
older pedicels were sometimes separated later from the stem
than younger ones (e.g. in Fig. 2D older pedicels 9 and 10 are
separated from the stem at 25–30 mm from the apex, but youn-
ger pedicels 11 and 12 are separated at 40 mm from the apex).
This resulted in a locally reversed order of pedicels in the se-
quence used for divergence angle measurements in pedicel
phyllotaxis.

Next we checked whether pedicel–stem fusions are accompa-
nied by altered internode length of inflorescence stems. We as-
sumed that the internode length is a distance between levels at
which successive flower traces leave the stem vascular cylinder
(i.e. the distance between level a of consecutive flowers, or-
dered on the basis of their flower trace positions). Comparison
of mean distances (Fig. 2F) showed that in the WT they
are significantly larger (mean¼ 8�75 mm; s.d.¼ 4�31 mm;
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FIG. 1. Pedicel phyllotaxis. Inflorescence shoots of WT (A) and cuc2 cuc3 (B)
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FIG. 1. continued
representing the divergence angle measured between consecutive pedicels of
one exemplary WT (C) and two cuc2 cuc3 (D) shoots, indicated by different col-
ours. Line segments representing exemplary M-motifs (D) are thickened. (E–G)
Histograms of divergence angles measured between pedicels at levels where

they separate from the stem for WT (E) and cuc2 cuc3 (F, G) plants.
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median¼ 8�35 mm) than in cuc2 cuc3 (mean¼ 2�87 mm;
s.d.¼ 2�23 mm; median¼ 2�32 mm) plants (t-test; P¼ 0�05).
We conclude that the fusions may reduce stem/internode
elongation.

Mutant phyllotaxis assessed on the basis of flower vascular
traces is more regular than pedicel phyllotaxis

For the assessment of the pedicel phyllotaxis, we used the di-
vergence angles between the level at which pedicels depart
from the stem (levels c). Since the extent of pedicel fusion in
cuc2 cuc3 affects the order of this class of levels and thus the
pedicel phyllotaxis, we next examined the angular distribution
of flower traces in the same shoots (vascular phyllotaxis), by
measuring the divergence angles between consecutive flower
traces at level a.

In the WT we assumed that the divergence angles in vascular
and pedicel phyllotaxis are the same, because levels a and c are
very close. In cuc2 cuc3 stems with the Fibonacci pattern, vas-
cular phyllotaxis was much more regular than in the pedicel
phyllotaxis (compare graphs of the same colours in Figs 1D
and 2G, and histograms in Figs 1F and 2H). Although it was
less regular than in the WT (compare Figs 1E and 2H) and the
histogram for the mutant vascular phyllotaxis is still multi-
modal, the peak at 130–140 � is much higher than others.
Moreover, the mean divergence angle and the variation of
divergence angle for the mutant vascular phyllotaxis
(mean¼ 157�18 �; s.d.¼ 42�24 �; median¼ 142�70 �) are much
lower than the mutant pedicel phyllotaxis (mean¼ 176�41 �;
s.d.¼ 74�05 �; median¼ 147�81 �). Closer inspection showed
that in only a few cases in the mutant was the order of flower
traces reversed with respect to that expected from the spiral
Fibonacci pattern (black graph in Fig. 2G), as manifested in an-
gle value peaks at 280–290 and 210–220 � in Fig. 2H (Besnard
et al., 2014).

We also examined divergence angles of the flower traces
for the mutant shoot with irregular pedicel phyllotaxis (Fig. 2J).
In cross-sections of this stem it was apparent that there were
pairs of opposite flower traces (angular distance of 180 �).
Although they did not leave the vascular cylinder at the same
level, the mean distance between the traces in each pair was
significantly shorter than that between the traces of consecutive
pairs (1�7 mm vs. 2�8 mm; t-test, P¼ 0�05). On the other hand,
in the distribution of angles for this shoot there are three peaks:
the highest at 170–180 �, and two lower peaks at 110–120 and
290–300 �; and the frequency for the angle range 170–200 � is
approx. 50 % (Fig. 2J). Such a distribution can be interpreted as
resembling the bijugate spiral phyllotaxis (Fig. 2J), in which a
pair of opposite organs is formed at each node and the relative
position of adjacent pairs is not symmetrical, resulting in the
two remaining peaks.

In summary, the phyllotactic pattern based on vascular traces
is generally more regular than that of pedicels in cuc2 cuc3
mutant inflorescences. Clearly then, the observed irregularity
in the pedicel phyllotaxis of the mutant shoots is related to the
fusions between pedicels and stem.

As the CUC2 and CUC3 genes have been shown to be
expressed in the boundary regions between primordia and the
SAM (Hibara et al., 2006), we expected that the organ fusion

and resulting phyllotactic defects might already be visible in
the primordium arrangement around the SAM. We thus ana-
lysed the phyllotactic pattern at the inflorescence shoot apex.

Phyllotaxis is regular at cuc2 cuc3 shoot apices

In order to characterize phyllotaxis at shoot apices of cuc2
cuc3 plants, we first measured divergence angles between con-
secutive flower primordia (Fig. 3A, B). Surprisingly, we did not
find any alterations of phyllotaxis in the mutant. Rather, a regu-
lar spiral Fibonacci pattern was characteristic for both WT and
mutant apices, with the mean divergence angle of 143�34 �

(s.d.¼ 9�50 �) for the WT and 143�65 � (s.d.¼ 9�62 �) for the
mutant. We also found a single case of a Lucas spiral pattern
(with the divergence angle approx. 90 �; excluded from
Fig. 3B) among 20 examined apices of cuc2 cuc3.

Nevertheless, comparison of other phyllotaxis parameters
(Fig. 3C–M) showed differences between cuc2 cuc3 and WT
plants. First, the numbers of contact parastichies in the mutant
are higher than in the WT (Fig. 3C). In particular, families of
three, five and eight parastichies are apparent in most mutant
apices (Fig. 3H–K) while in the WT, families of three and five
parastichies are dominant (Fig. 3F, G). Secondly, the angular
width of primordia is lower in cuc2 cuc3 than in the WT
(mean¼ 73�8 � and s.d.¼ 8�1 � in the WT; mean¼ 69�0 � and
s.d.¼ 8�7 � in the mutant; statistically significant difference,
t-test, P¼ 0�05). Thirdly, the surface area of the mutant SAM is
increased (Fig. 3D; statistically significant difference;
Mann–Whitney test, P¼ 0�05), while the surface areas of the
younger primordia in the mutant are initially similar to those
of the WT and decreased in consecutive plastochrons (Fig. 3E;
differences for pair-wise comparisons between primordia of the
same plastochron age are statistically significant for primordia
3 and 4 but not for 1 and 2; Mann–Whitney test, P¼ 0�05).
Moreover, comparison of primordia in two consecutive replicas
of individual apices (Fig. 3L, M) shows that the plastochron
duration is decreased in the mutant. In the WT apex (Fig. 3L),
for example, primordium 2 at time 24 h attains a developmental
stage between the stages of primordium 3 and 4 at time 0 h,
which means that more than one but less than two plastochrons
have passed during the 24 h (approx. 1�5 plastochrons per 24 h).
In the case of the mutant apex (Fig. 3M), primordium 1 at time
24 h attains a developmental stage equivalent to that of primor-
dium 3 at time 0 h, which means that two plastochrons have
passed during the 24 h. All these differences show that in the
mutant, flower primordia are more closely packed around the
SAM than those in the WT, are initiated at an increased rate
and are smaller with respect to the SAM. In addition, it cannot
be excluded that some primordia are formed almost simulta-
neously in the mutant apices with high contact parastichy num-
bers (compare, for example, the youngest primordia in the apex
shown in Fig. 3K), suggesting a slight disturbance in the order
of primordium formation.

On the basis of these observations, we conclude that the
defects in phyllotactic patterning that we observe in the mature
stem portions of cuc2 cuc3 plants are mainly the effect of the
mutations on post-meristematic development. In order to check
whether there is any meristematic trait that could possibly be
amplified in the course of post-meristematic development and
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FIG. 3. Phyllotaxis at inflorescence shoot apices. (A and B) Histograms of divergence angles in WT (A) and cuc2 cuc3 (B) shoot apices. (C) Frequency of different
contact parastichy numbers in the WT and cuc2 cuc3. (D) Surface areas of SAMs in the WT and cuc2 cuc3. Boxplots are as in Fig. 2F. (E) Surface areas of primordia
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could lead to phyllotaxis defects in the mutant, we examined
in more detail the geometry of the shoot apex, especially the
boundary region between the primordium and SAM, as well as
node/internode development of the inflorescence stems.

Duration of early stages of primordium development is affected
by cuc2 cuc3 mutations

We first examined the plastochron age of primordia exhibit-
ing the early developmental stages, i.e. bulging at the initial
crease, the disappearance of rudimentary bract and the appear-
ance of lateral sepals (Table 1; Kwiatkowska, 2006; Alvarez-
Buylla et al., 2010). Comparison between cuc2 cuc3 and WT
apices shows that all the stages appear at later plastochron in
the mutant plants. These differences most probably result
mainly from the decreased plastochron duration, while the dif-
ferences in absolute time may be insignificant. However, the
apparent effect of the mutations is the extended persistence of
rudimentary bracts: in the WT, the rudimentary bracts are
apparent for less than one plastochron (Kwiatkowska, 2006)
while they persist for at least two plastochrons in the mutant
apices (compare Fig. 3F with 3J and K; Fig. 4C).

Next we examined the formation of the boundary between
the SAM and flower primordium (adaxial primordium bound-
ary) in the mutant and WT. In both genotypes, the boundary
region between the SAM and flower primordium is saddle-
shaped, i.e. convex in the latitudinal direction (along the SAM
circumference) and concave in the meridional direction (across
the boundary; Fig. 4). Since in the mutant the boundaries seem
to be less distinct (compare primordium 5 boundary in Fig. 3G
and J), we compared the minimal values of Gaussian curvature
at the bottom of the boundary assigned to primordia of the
same plastochron age, and showed that the mean curvature val-
ues are indeed lower in the WT, i.e. the ‘sharper’ boundary is
formed earlier than in the mutant (Table 2). Next, in order to
discriminate between the direct effect of the mutations and the
effect of differences in plastochron duration and primordia
packing, we carefully selected WT apices to be compared with
the mutant, so that both the primordia packing and the develop-
mental stage of the youngest flower primordia are similar.
A detailed analysis of the apex geometry confirmed a slight de-
lay in the boundary formation in the mutant if primordia of a
similar plastochron age are compared (compare primordia 5 in
Fig. 4). Also, the boundary between older primordia and the
SAM in the mutant is less prominent than in the WT (compare
Fig. 4E and F).

Thus, we propose that defects in phyllotactic patterning in
elongated stem portions due to fusions between the pedicels
and the stem may be to a certain extent explained by a slight de-
lay and reduction of boundary formation at the mutant shoot
apex. To examine this in more detail, we focused on node and
internode development in the sub-apical stem portion and its
elongation zone.

Cell growth and divisions are not inhibited near the site of
pedicel attachment to the cuc2 cuc3 stem

Stem organization into nodes and internodes is evident in
elongating and mature portions of stems in many species, where
the two types of regions are alternating stem segments.
Identification of nodes and internodes, however, is much less
obvious in younger stem portions, especially in the case of
shoots with spiral phyllotaxis and dense packing of primordia.
In such cases, one can apply the stem unit, i.e. a stem portion
comprising the site of primordium attachment and the portion
below, delineated by planes including fragments of contact
parastichies and stem axis as well as the primordium axil
(Meicenheimer, 1992, 2006). During shoot development,
growth of stem units is such that each unit gives rise to a single
node and a subtending internode.

Using the sequential replicas, we quantified epidermal cell
growth and divisions on the surface of young stems and pedicel
bases of WT and mutant plants, up to 5 mm from the shoot
apex (Fig. 5). In the young stem portions, where the stem unit
notion is applicable, only the region adjacent to the pedicel–
stem junction, not the whole stem disk at the node level, is
expected to exhibit reduced growth and cell division frequency.
Indeed, in the WT stem portion close to the apex, the rate
of both areal growth and cell division is lower in the regions
near the pedicel–stem junction than that in adjacent regions
including the surface of the stem (Fig. 5A) and this pattern is
maintained in the lower (more mature) stem portion (Fig. 5C).
The mutant displays a growth and cell division pattern similar
to the WT in the portion close to the apex (compare Fig. 5A,
B), but a strong effect was observed in the lower stem portion
(compare Fig. 5C, D). In this portion, a fusion between stem
and pedicels becomes apparent, and in regions near pedicel–
stem junctions, epidermal cells keep on growing and dividing
unlike in the WT stems. In this stem portion in the WT, nodes
and internodes can already be distinguished, while due to
stem–pedicel fusions they are virtually indistinguishable in the
mutant.

Next, we examined inner stem tissues at pedicel–stem
junctions in longitudinal sections of mutant and WT stems.
To this end, we first defined the axil cortex region, to be
delimited by the vascular bundles of the stem and the flower
trace that diverges at the node (outlined in Fig. 5E, F).
We then compared the mean surface area of cells in the axil
cortex regions at different distances from the apex (Fig. 5G)
and showed that these cortical cells are larger in the mutant
than in the WT. In particular, in the mutant the mean cell
surface area increases rapidly with the distance from the
apex, till about 0�4 mm from the apex. In the WT, mean cell
area increases more slowly and at 0�2 mm cells attain an
almost maximal size, which is much smaller than in the
mutant.

TABLE 1. Duration of early flower developmental stages

Line Plastochron age of primordium

Bulging at the
initial crease

The oldest
primordium with
rudimentary bract

The youngest
primordium

with lateral sepals

WT 3�30a 6 0�47 (23) 4�89a 6 0�78 (9) 6�74a 6 0�54 (21)
cuc2 cuc3 3�79b 6 0�71 (19) 6�27b 6 1�27 (11) 8�71b 6 1�51 (14)

Values are means 6 s.d. with the number of apices sampled given in
parentheses

Different indices refer to statistically significant differences for pair-wise
comparisons in columns (Mann–Whitney test, P¼ 0�05).
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We also compared the surface area of the axil cortex regions
in the mutant and the WT, using the longitudinal shoot sections
(Fig. 5H). In agreement with the shoot surface observations,
there was only a slight difference between the WT and the
mutant plants in apical parts of the stem (up to approx. 0�2 mm
from the apex). Further from the apex the area of the axil region

in the WT was no longer increasing, while in the mutant it con-
tinuously increased. Since the size of cortex cells in the mutant
increased up to 0�4 mm from the apex and was constant at
larger distance from the apex (Fig. 5G), the further increase of
axil region area implies that cell divisions must have taken
place. Therefore, we conclude that the formation of the tissue at
the fusion between the pedicel and stem in cuc2 cuc3 resulted
from both cell expansion and cell divisions at the axil cortex
region.

In summary, the phenotype of the cuc2 cuc3 mutant, i.e.
defective phyllotaxis of the elongated shoot portions, is a conse-
quence of not only a slight delay in the boundary formation
at the shoot apex, but also of the aberrant pattern of stem elon-
gation in post-meristematic development.

Expression pattern of CUC3 suggests a direct post-meristematic
effect of mutation

Since the analysis of stem growth further confirmed the post-
meristematic effect of the mutations, we checked the spatial
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TABLE 2. Shoot apex geometry at the adaxial primordium
boundary

Line Minimal Gaussian curvature at
primordium 4 or 5 boundary in 10�3 lm�2

P4 P5

WT �1�44a 6 0�69 (12) �2�97a 6 1�19 (3)
cuc2 cuc3 �0�66b 6 0�56 (11) �1�08b 6 1�05 (11)

Values are means 6 s.d. with the number of apices sampled given in
parentheses

Different indices refer to statistically significant differences for pair-wise
comparisons in columns (Mann–Whitney test, P¼ 0�05).
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and temporal expression patterns of CUC2 and CUC3 in WT
shoots. Peaucelle et al. (2007) showed that CUC2 expression is
not limited to the shoot apex but is also detected later during
shoot development, in axils of flower pedicels. Thus we
checked the expression pattern of CUC3 using the
pCUC3::GUS reporter (Kwon et al., 2006; Fig. 6). The pattern
of CUC3 expression in the inflorescence shoot is very similar
to that of CUC2. Not only at the shoot apex but also in the elon-
gating and even at mature portions of inflorescence shoot,
strong reporter activity is present in pedicel axils, i.e. at the ad-
axial portion of the junction between the pedicel and inflores-
cence stem. Thus, the expression patterns of CUC2 and CUC3
further support the post-meristematic roles for these genes in
maintaining regular phyllotaxis.

DISCUSSION

At macroscopic examination, inflorescence shoot phyllotaxis of
the cuc2 cuc3 double mutant appears irregular. Using methods
facilitating the comparison of the arrangement of vascular
flower traces and pedicels in the same shoots, we show that this
irregularity arises mainly during the post-meristematic phase of
shoot development, especially in the course of stem elongation
when growth and cell divisions at nodes are not restricted,
while the arrangement of flower primordia at the mutant shoot
apex is nearly as regular as in the WT. The regularity of the
arrangement of the flower primordium in the mutant is

accompanied by the regularity of vascular phyllotaxis, known
to be generated at the shoot apex almost simultaneously with
the phyllotactic pattern (Dengler, 2006).

The main difference between the shoot apices of cuc2 cuc3
and of the WT is the increased density of primordia around the
mutant SAM, which is related to the increased SAM surface
area in the mutant. This phenotype is manifested by higher
numbers of contact parastichies and by a lower relative size of
primordia. We also demonstrated a slight delay in the appear-
ance of the crease, which is a characteristic shape of the adaxial
flower primordium boundary, and reduction of its depth.

Phyllotaxis aberrations in cuc2 cuc3 mature inflorescence
shoot portions and their origin

The most apparent effect of the cuc2 cuc3 mutations on
inflorescence shoot morphology are aberrant phyllotaxis and
fusions between flower pedicels and the stem. These two traits
are related. Since the distance along the fused region of the ped-
icels and stem is quite variable, a pedicel of a flower predicted
to be produced earlier (the first on an ascending ontogenetic
helix) often departs from the stem at the level higher than that
of the next flower, i.e. their order along the helix is reversed.
The fusions themselves may thus explain some reversions in
the axial distribution of pedicels, and thus the observed phyllo-
taxis alterations in the mutant. Consistently, angular distribution
of vascular flower traces, whose final positioning is much less
affected by pedicel fusions, is much more regular compared
with that of pedicels. Nevertheless, we also observed much less
evident, but significant, irregularity in the angular distribution
of vascular flower traces in contrast to regular phyllotaxis in the
shoot apex, indicating an additional cause for post-meristematic
phyllotaxis alterations, possibly related to nearly simultaneous
formation of some primordia. Local reversions of axial organ
distribution are not uncommon in shoots of plants with spiral
phyllotaxis and densely packed leaves, for example Abies bal-
samea (see, for example, needle arrangement in the shoot
shown in fig. 6A of Zagórska-Marek, 1985). The occurrence of
reversions, referred to as permutations of organ insertion order,
has also been reported for plants with less dense organ packing,
such as Helianthus annuus L. (Couder, 1998) and A. thaliana
WTs and mutants (Guédon et al., 2013; Besnard et al., 2014).
Theoretical models show that such permutations can be an in-
trinsic trait of spiral phyllotaxis (Mirabet et al., 2012; Guédon
et al., 2013). A so-called M-shaped motif in divergence angle
plots is a manifestation of permutations. In the mutant of the
ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN
6 gene in which cytokinin signalling is affected, the increased
frequency of permutations is related to the presence of pairs or
triplets of flower primordia exhibiting virtually the same devel-
opmental stage (Besnard et al., 2014). In cuc2 cuc3, the com-
parison of the arrangement of the vascular flower traces and
the pedicels in the same shoots shows that the M-shaped motif
occurs both in pedicel and, less often, in vascular phyllotaxis
as manifested in divergence angle plots (Figs 1D and 2G)
and histograms, which are multi- instead of unimodal (with
additional peaks at approx. 220 and 280 �). Since the vascular
phyllotaxis is generated at the shoot apex almost simulta-
neously with the phyllotactic pattern (Dengler, 2006), some

A B

C D

E

FIG. 6. Whole-mount GUS staining of the pCUC3::GUS inflorescence shoot.
(A) Whole view. Upper and lower arrows indicate the positions corresponding
to (C) and (D), respectively. (B–D) Close-up images at the shoot apex (B) and
at the positions approx. 1�2 mm (C) and approx. 10 mm (D) below the apex
of the shoot shown in (A). (E) Combined image of a photographic series taken
along the shoot shown in (A). Arrows in (A) and (E) indicate the positions
that correspond to (C) and (D). The arrowhead in (B) indicates the SAM.

Scale bars¼ 2 mm in (A) and (E); and 200lm in (B–D).
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reversions (permutations) presumably appear early in shoot de-
velopment. Moreover, in the case of shoot apices with higher
contact parastichy numbers, the difference in the developmental
stage of consecutive primordia along the ontogenetic spiral are
smaller than in the case of less densely packed primordia
(compare, for example, differences between primordia 2–4 in
Fig. 3H, J). Judging from the occurrence of reversions in spe-
cies such as A. balsamea, one may expect that the reversions
are more likely when primordia packing at the apex is denser.
This is also confirmed by the comparison between A. thaliana
plants grown in various day-length conditions showing that in
plants with larger SAMs and denser packing of primordia the
frequency of permutations (reversions) is higher (Landrein
et al., 2014). The denser primordia packing in cuc2 cuc3 plants
may thus be another reason for aberrant phyllotaxis in mature
portions of mutant shoots, making the reversion of pedicel sepa-
ration and of flower traces order at the elongated stem more
probable.

Strong expression of both CUC2 and CUC3 is characteristic
of boundaries between the inflorescence SAM and primordia.
However, despite the phyllotaxis aberrations in mature shoot
portions of the cuc2 cuc3 mutant plants, phyllotaxis at the inflo-
rescence shoot apex in the mutant is virtually as regular as that
in the WT. Similarly, plants expressing a microRNA-resistant
CUC2 gene show regular primordium arrangement at the shoot
apex but a strongly altered arrangement of pedicels on fully
grown shoots (Peaucelle et al., 2007). In this case, ectopic ex-
pression of CUC2 in the internode is associated with the
changes in cell number and cell size, resulting in abnormal
internode lengths. A similar phenotype is also observed in the
triple mutant of the three mir164 genes, which negatively regu-
late CUC1 and CUC2 (Sieber et al., 2007). Together, these
results indicate that the activities of CUC1, CUC2 and CUC3
do not affect angular positioning of flower primordia at the
shoot apex but affect post-meristematic shoot development, in
particular the process of node/internode formation.

Pedicel–stem fusions and formation of nodes and internodes in
cuc2 cuc3 mutant stems

We show that formation of pedicels fused with stems in the
cuc2 cuc3 shoots is accompanied by unrestricted growth and
cell divisions in the stem regions that correspond to both future
nodes and internodes in the WT. This phenotype is apparent
only at some distance from the shoot apex where internodes
start to elongate. This observation, together with the expres-
sion pattern of CUC2 and CUC3 in elongating portions of
A. thaliana inflorescence shoots, suggests that fusion formation
is the direct effect of the mutations on post-meristematic
growth.

The occurrence of pedicel–stem fusions is accompanied by
shortening of mutant internodes. Phytohormones are known to
be a major factor regulating stem elongation (e.g. Sachs, 1965;
Yamaguchi and Komeda, 2013). In cuc2 cuc3, however, the
observed internode shortening seems rather to be a secondary
effect of fusions. In WT A. thaliana, elongation of an internode
lasts longer than that of the pedicels attached at its base
(Yamaguchi and Komeda, 2013). The difference in potential
elongation capacity between the internodes and pedicels quite

probably leads to restriction of internode elongation in the mu-
tant. Since the stem is most often surrounded by fused pedicels,
this restriction usually does not lead to stem bending as would
be the case if a single pedicel were fused with the stem.

Effects of cuc2 cuc3 on the inflorescence shoot apex

An unexpected effect of the cuc2 cuc3 mutations is the
increased density of primordia packing around the SAM. The
mutant shoot apex also shows enlarged SAM size and shorter
plastochrons. The shorter plastochrons most probably result in
increased duration of early stages of flower primordium develop-
ment measured in terms of the number of plastochrons.
However, slower progression of mutant primordium develop-
ment in the real time scale cannot be excluded. In other species,
such as Linum usitatissimum L. (Williams, 1975) and spruce
Picea abies (L.) Karst. (Gregory and Romberger, 1972), the
numbers of contact parastichies at the apex are known to
increase spontaneously during shoot apex ontogeny. This
increase takes place without any change in primordium identity
or initial size but is accompanied by a decrease in plastochron
duration and increase in the SAM size, as well as a resulting de-
crease in relative primordium size. These differences are similar
to those between cuc2 cuc3 and WT apices. Such relationships
between primordia packing, SAM size and primordium size
have also been shown in phyllotaxis models (e.g. Meicenheimer
and Zagórka-Marek, 1989; Douady and Couder, 1996).

A change in primordia packing around the SAM may be
induced by phytohormone treatment or mutations. Although the
former most often leads to a change in divergence angles, in
some cases, such as Xanthium pennsylvanicum Wallr. vegeta-
tive shoot apices, application of gibberellin (GA3 in lanolin
paste) results in an increase of contact parastichy numbers
and the size of SAM with no effect on the divergence
angle (Maksymowych and Erickson, 1977). Mutations in the
ABERRANT PHYLLOTAXY1 (ABPHYL1) gene of Zea mays
L. lead to an increase of primordia number per node in whorled
phyllotaxis accompanied by an increase in the SAM size (de-
cussate phyllotaxis appears in place of distichous phyllotaxis in
the mutant; Greyson et al., 1978), which is analogous to the in-
crease in density of primordia packing. ABPHYL1 regulates
PIN-FORMED1 (PIN1) expression, affecting the auxin level at
the SAM, and cytokinin-induced expansion of the SAM
(Giulini et al., 2004; Lee et al., 2009). An increase in primordia
packing in spiral phyllotaxis, originally described as increased
spiral parastichy winding, is caused by mutations in the
BELLRINGER (BLR) gene (Byrne et al., 2003). BLR encodes a
transcription factor interacting with STM, known to regulate
cytokinin synthesis and repress auxin response in regulating the
SAM function (Murray et al., 2012). Also Landsberg erecta
A. thaliana plants exhibit denser primordia packing than other
ecotypes, such as Col-0 or Wassilewskija (D. Kwiatkowska and
A. Burian, unpubl. res.). It is noteworthy that the ERECTA
family of receptor-like kinases regulate the SAM size and
interact with auxin transport or sensitivity to cytokinins
(Van Zanten et al., 2009; Shpak, 2013; Uchida et al., 2013). It
may thus be expected that the observed effect of the cuc2 cuc3
mutations on primordia packing is also due to interaction with
phytohormone-related processes. Indeed, CUC1 and CUC2
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transcription factors have already been shown to affect PIN1
expression and polarity, thus altering auxin distribution in pro-
cesses related to leaf and carpel margin shape formation
(Bilsborough et al., 2011; Galbiati et al., 2013).

The cuc2 cuc3 mutations affect to some extent the SAM sur-
face partitioning, i.e. formation of the boundary between pri-
mordium and the SAM where both genes are specifically and
strongly expressed. Judging from the phenotype of the mature
shoot portion of cuc2 cuc3 plants, one would expect quite seri-
ous problems with boundary formation at the mutant shoot
apex that would result in altered apex geometry in these special
regions. However, the only difference in the shoot apex geome-
try between the mutant and WT that we were able to detect by
comparing mutant with WT apices representing the same con-
tact parastichy numbers is a slight delay in formation of a sharp
crease between the primordium and the SAM, and reduction
of its depth. It may thus be supposed that CUC2 and CUC3
are not the only factors that are sufficient to define the
SAM–primordium boundary.

Conclusions

The observed phenotype of the mature inflorescence shoot in
the cuc2 cuc3 double mutant seems to result from combination
of a number of effects: a slight delay in crease formation at the
adaxial flower primordium boundary and increased density
of primordia packing around the SAM; and later during shoot
development (in the elongation zone), unrestricted growth and
cell divisions within the whole stem units. The fusions between
pedicels and the stem are the direct effect of the mutations,
but the slight delay of crease formation amplified during
post-meristematic development as well as increased primordia
packing at the mutant apex, that possibly makes reversions of
primordia more likely, may also be involved.
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