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Phyllotaxis, the regular arrangement of plant organs, has 
attracted researchers from different disciplines over centuries 
for its beauty (Adler et al. 1997; Barabé and Lacroix 2020; 
Jean and Barabé 1998). Such striking arrangement can be 
found at different levels in plants, including leaves, floral 
organs, flowers, and even inflorescences. Several types of 
phyllotactic patterns, exemplified by the Fibonacci patterns, 
are observed in all major land plant lineages, from non-vas-
cular plants such as mosses, to seedless vascular plants such 
as lycophytes, and to seed plants such as angiosperms (Gola 
and Banasiak 2016).

Recent studies of phyllotaxis mainly focus on the mech-
anisms of the widespread Fibonacci patterns (Bhatia and 
Heisler 2018; Galvan-Ampudia et al. 2016; Kuhlemeier 
2017; Sassi and Vernoux 2013; Shi and Vernoux 2019; Traas 
2013). However, irregularities, stochasticities, and transi-
tions of phyllotactic patterns are also frequently observed. 
For example, in the model plant Arabidopsis [Arabidopsis 
thaliana (L.) Heynh.], phyllotactic variations, temporal 
deviations, and transitions are all commonly observed dur-
ing its ontogeny. Moreover, a recent study suggests that the 

formation of Fibonacci patterns does not necessarily depend 
on the commonly assumed Golden Angle (Zhang et  al. 
2021a). In addition, only in recent years have we started 
to consider how phyllotaxis originated and evolved in land 
plants (Véron et al. 2021). All these aspects await to be 
investigated in more depths.

In this special issue of the JPR Symposium titled “Beyond 
Fibonacci Patterns and the Golden Angle: Phyllotactic Vari-
ations and their Cellular Origin”, we aim to advance our 
understanding of phyllotaxis in these overlooked aspects. In 
particular we highlight patterns “outside” Fibonacci patterns 
and the evolutionary origins of phyllotaxis. Three review 
articles discussing general aspects (Yin 2021), stochasticities 
(Kitazawa 2021), and symmetries (Yonekura and Sugiyama 
2021); and three original research articles focusing on pat-
tern regeneration (Zhang et al. 2021b), a new system for 
studying phyllotactic transitions (Zagórska-Marek et al. 
2021), and the origin of phyllotaxis (Kamamoto et al. 2021), 
are included in this special issue.

Phyllotaxis is an old research field in plant morphology 
yet still being explored and advanced continuously. Yin 
(2021) gave an overview on this fascinating phenomenon, 
covering a broad spectrum from the knowledge in classi-
cal literature to recent findings in the regulation of phyllo-
taxis using molecular genetics approaches. In the first part, 
phyllotactic patterns, parameters, transitions, and diversity 
were reviewed. In the second part, the molecular regulation 
mechanims of where and when a new plant organ emerges 
were discussed, focusing on the role of a plant phytohor-
mone auxin; genetic factors participating in the regulation of 
the size, geometry, organization, and integrity of the apical 
meristem and thus contributing to phyllotactic variation and 
diversity were summarized; and the contributions of signals 
from developing organs, cell wall mechanics, and post api-
cal meristem growth were also discussed. It was demon-
strated that the morphological beauty of phyllotaxis is the 
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result of many regulators exerting their respective effects 
in a coordinated fashion either directly or indirectly in the 
apical meristem.

Stochasticity exists ubiquitously and inevitably in bio-
logical processes, ranging from molecular processes such as 
gene expression, to cellular properties and dynamics, and to 
macroscopic phenotypes. Phyllotaxis is not an exception to 
such stochasticity. Kitazawa (2021) reviewed the developing 
fields connecting developmental stochasticity, phenotypic 
variation, and evolutionary diversification, with an aim to 
understand the diversity of floral phyllotaxis. Three catego-
ries of variation in vegetative and inflorescence phyllotaxis 
were suggested: fluctuations around the mean divergence 
angle, transitions between regular patterns, and temporal 
deviations from regular patterns called permutations. Some 
of the variations in floral phyllotaxis were similarly classi-
fied, and specialized features, such as deterministic devel-
opment and coexistence of multiple types of organ, were 
discussed to show the flower-specific sources of variation. 
Since variation can be a driving force of evolution, studies 
on developmental stochasticity and variation will benefit the 
understanding of phyllotactic diversity.

Symmetry is an important component of geometric 
beauty and regularity. Phyllotactic patterns can be catego-
rized by their symmetry, such as reflection symmetry, rota-
tion symmetry, translation symmetry, corkscrew symmetry, 
and glide reflection symmetry. Yonekura and Sugiyama 
(2021) reviewed the classification of these phyllotactic sym-
metries according to the group theory, which was originally 
suggested by Yamada et al. (2004), and classified naturally 
occurring phyllotactic patterns according to their symmetry. 
The application of the group theory to phyllotactic sym-
metry by Yamada et al. (2004) also suggested a transition 
rule of phyllotactic patterns. Yonekura and Sugiyama (2021) 
further compared this rule with the developmental model of 
phyllotaxis (Yonekura et al. 2019), based on the mapping 
of simulation results in the parameter space of the model. 
Some of the transitions found in the developmental model 
were in accord with the transition rule suggested by Yamada 
et al. (2004) while some others were not, indicating that the 
transition rule was only partially supported by the develop-
mental model. By classifying naturally occurring patterns 
by mathematical expression and examining mathematically 
proposed theories by models with different assumptions, this 
review showed an interplay between different disciplines.

One classical question in phyllotaxis research is how 
phyllotactic patterns are regenerated after an apical meris-
tem is physically disturbed. By applying either mechanical 
wounding or finely controlled laser ablation, Zhang et al. 
(2021b) elegantly revealed the process of phyllotactic pat-
tern regeneration in the inflorescence meristems of Ger-
bera hybrida cv. Terra Regina. Upon disrupted expression 
of GhCLV3, a marker gene indicating the undifferentiated 

state of the inflorescence meristem, following physical dis-
turbances, a rim comprising three to five layers of elongated 
cells was formed. Strikingly, this wounding rim had a low 
auxin signaling output. This was in sharp contrast to the 
neighboring region away from the wounding rim which had 
a high auxin signaling output. New auxin maxima formed 
regularly in this region and joined the existing ones to form 
parastichies, thus completing the pattern regeneration pro-
cess. This work lays the foundation of future studies to 
understand the molecular mechanisms of de novo pattern 
formation upon physical disturbance.

The most popular model plant, Arabidopsis, does not 
have sufficient phyllotactic variations. Plants known for their 
great phyllotactic variations, such as Magnolia, Torreya, and 
Abies, are not suitable for experimental work. Therefore, 
to study the diversity of phyllotaxis beyond Fibonacci pat-
terns, a new model system is required. Zagórska-Marek et al. 
(2021) showed that common verbena (Verbena officinalis L.) 
has preferable features in this regard. This perennial plant 
is suitable for laboratory experiments, and has phyllotactic 
transitions not only between growth phases but also within 
the indeterminate inflorescence axis, without changing the 
identity of lateral organs. Using in silico experiments, they 
suggested that phyllotactic transitions in the inflorescence 
might be triggered by the cumulative effect of fluctuations 
in the continuously decreasing bract primordia size. More 
importantly, they found that phyllotactic changes in the pri-
mary vascular system preceded those in the apical meristem. 
Their findings suggest the complexity of various systems to 
coordinate phyllotaxis and common verbena as a potential 
useful system to study phyllotactic transitions.

The origin of phyllotaxis in land plants remains a mys-
tery. Using three moss species and combining histological 
and mathematical approaches, Kamamoto et al. (2021) care-
fully addressed this question. Unlike the well understood 
angiosperms, moss gametophore leaves and thus phyllotaxis 
are generated by creating new cutting faces in the tetrahe-
dral apical initial cell. In the tested moss species, divergence 
angle in older merophytes converged to a species-specific 
value, which reflects distinct phyllotactic patterns at matu-
rity. More importantly, a mathematical model demonstrated 
that the converged divergence angle was identical to the api-
cal initial cell’s division plane rotation angle regardless of 
the phyllotactic pattern. The model further predicted the 
inevitable and transient deviations of divergence angle in 
younger merophytes due to a shift in the centroid of the api-
cal initial cell after a cell division. Together, it was shown 
that moss phyllotaxis is regulated by the division plane rota-
tion angle and the shape of the apical initial cell, revealing 
the origin of phyllotaxis in and plants.

Despite the long history of phyllotaxis studies, there are 
still many unsolved questions. New discoveries are contin-
uously being made through examining various new plant 
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systems, revisiting classical knowledge, and incorporating 
new technologies and tools. We believe that investigating 
beyond Fibonacci patterns and the Golden Angle would 
enable us to have a thorough understanding of phyllotaxis.
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