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e Background and Aims The leaf rosettes of the carnivorous Pinguicula moranensis follow a spiral phyllotaxis
approaching a Fibonacci pattern while the stalked flowers arise from extra-axillary sites between the leaves. The
organization of this rosette has been discussed by various authors, with various results. The aim of the present
study was to clarify the development of the flowering rosettes of this species.

e Methods The formation of the rosettes is shown with the aid of scanning electron microscopy.

o Key Results and Conclusions The scanning electron micrographs show that each flower terminates an article (sym-
podial unit). The leaves of consecutive articles of such sympodially constructed rosettes are arranged along a spiral
Fibonacci pattern (with divergence angles around 137°). This results from homodromy of leaf initiation in consecu-
tive articles with the first leaf (prophyll) of a new article inserted in an obliquely transverse position next to the floral
scape that terminates the former article. Sympodial construction of flowering shoots and leaf rosettes is also known
from Aloe, Gunnera and Philodendron. As a by-product of this study, the unidirectional development of the
Pinguicula flower is confirmed and discussed.

Key words: Article, Fibonacci, flower development, homodromy, leaf initiation, Lentibulariaceae, phyllotaxis, Pinguicula

moranensis, sympodial unit.

INTRODUCTION

Among the carnivorous family Lentibulariaceae, Pinguicula
is the most basal genus (Jobson et al., 2003). The family
appears in the Lamiales where its final position is yet to be
determined (Albert et al., 1992; Bremer et al, 2002;
Miiller et al., 2004).

The studies of Goebel (1891, 1928-1933) and Lloyd
(1942) have already provided interesting insight into the
developmental morphology of various Lentibulariaceae.
The vegetative bauplans of the genera Pinguicula
(86 spp.), Utricularia (including Polypompholyx, 220 spp.)
and Genlisea (21 spp.) are still not yet properly understood.
Morphological analyses of the Lentibulariaceae are badly
needed in order to make molecular phylogenies (e.g.
Jobson et al., 2003; Miiller et al., 2004) more meaningful.

The hygrophilous genus Pinguicula is characterized by a
basal rosette of more or less broadly ovate leaves that, by
means of secretory glands, capture and digest insects
(Casper, 1966; Legendre, 2000). There are two distinct
growth-forms in the genus, a temperate one (over-wintering
in a hibernaculum, i.e. a winter bud, from which the new
plant will grow in the coming spring) and a tropical one
(winter rosette with usually narrower leaf blades) (Casper,
1966). Besides their carnivory, there are other features
that make them of particular interest for morphologists.
Although they all have roots, Pinguicula roots often lack
rootcaps and are unbranched (Rutishauser and Isler,
2001). Furthermore, Pinguicula is one of the few genera
in eudicots where monocotyledony has been observed
(Troll, 1937; Casper, 1966).
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Pinguicula moranensis (syn. P. longicaudata) is a well-
known flycatcher plant in greenhouses. This species, originat-
ing from Mexican Highlands, Guatemala and El Salvador,
belongs to the tropical growth form, flowering nearly year-
round (Goebel, 1891; Zamudio and Rzedowsky, 1991;
Barthlott ez al., 2004).

Branching patterns of flower-producing leaf rosettes in
P. moranensis have been discussed by various authors.
Casper (1966), for example, considered that the flowers of
Pinguicula arise from the axils of rudimentary leaves,
while the rosettes themselves show monopodial construc-
tion. In opposition to this view, Raju (1969) thought that
the flowers in Pinguicula, especially P. vulgaris, occupy
leaf sites, similar to what is known from Nymphaea spp.
(Cutter, 1961; Grob et al., 2006).

Among vascular plants, the most frequent phyllotaxis is
the Fibonacci pattern. There are two ways to detect such a
pattern. One is the measurement of the divergence angle
between two consecutive leaves, and the second is the
observation of the contact parastichies. The divergence
angle is the stem sector enclosed by two consecutive
leaves or leaf primordia along the ontogenetic spiral (see
Fig. 2A). For the Fibonacci-type phyllotaxis this angle is
around 137° (120-144°, see Rutishauser, 1998). Along
the ontogenetic spiral consecutive primordia are separated
by the above-mentioned divergence angle. The time inter-
val between the initiation of two consecutive primordia at
the shoot apical meristem (SAM) is termed plastochrone.
In a densely packed shoot tip, young leaves are in contact
with certain other leaves. A contact parastichy is the
curved line by which contacting leaves are linked together
(see Fig. 1B). In the Fibonacci-type phyllotaxis, there are
always contact parastichies between leaves that are x, y
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Fi1G. 1. Pinguicula moranensis. (A) Flowering individual, dividing vegetatively into daughter rosettes. Each rosette has one, two or three flowers on long
stalks (scapes). In one flower, the flag petals are marked with asterisks. Scale bar = 40 mm. (B) Top view of rosette. The observable leaves are labelled along
the ontogenetic spiral (also called genetic spiral, i.e. according to their initiation order) from the centre to the periphery. Note Fibonacci pattern with contact
parastichies connecting leaves with age differences of three (solid line), five (short dashed line) and eight (long dashed line) plastochrones. The positions of
three flowers Fy, Fyy and Fyyy are shown by their scape bases (flowers and upper scape portions removed). Scale bar = 15 mm. (C, D) Centre of dissected rosette,
lateral and top view. Flower bud on a stalk (young scape). Calyx lobes show descending cochlear aestivation, with two outer lobes (K,) covering three inner
lobes (K;). (C) All leaves except leaf primordia 1-3 partly or totally removed. (D) Leaves 1—4 (surrounded by dashed line) belong to a sympodial unit (new
article), which is subtended by leaf 5 (S = subtending leaf). Former article (with leaves 5—7) is terminated by the flower bud. Scale bars = 0-5 mm.

and z plastochrones apart, with x, y and z being consecutive
members of the Fibonacci sequence: 3, 5, 8, 13, 21, ...
(Rutishauser and Peisl, 2001).

In a monopodium, one and the same SAM is responsible
for the growth of the main axis of the plant. Pluripotent
stem cells at the SAM differentiate into all organs necessary
for plant development. Often leaves are initiated spirally,
with a divergence angle of about 137° (120-144°). In a
sympodium one SAM is responsible for the growth of an

article (sympodial unit) only. The entire plant may then
be made up of several articles. With the termination of an
article the SAM ceases to act and a new SAM (born as
part of an axillary shoot bud) takes over the growth of
the plant.

The aim of the present paper is to show growth and phyllo-
taxis of Pinguicula rosettes by means of scanning electron
micrographs. The presence of the Fibonacci pattern in the
rosettes is detected by the observation of contact parastichies.
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Fi1G. 2. Pinguicula moranensis. (A, B) Centre of another dissected rosette with flower bud; (A) overview and (B) close-up. All leaves removed, except
leaf primordia 1-3. Leaves 1-3 (surrounded by dashed line) belong to a sympodial unit (new article), which is subtended by leaf 4 (S = subtending leaf).
Former article (with leaves 4—9) is terminated by flower (F). Two divergence angles (both around 137°) are marked for illustration with curved double
arrows: between leaves 4 and 5 (within article) and between leaves 3 and 4 (across articles). Note primordial floral organs: K,, outer sepals; K;, inner
sepals; P, five petals, with two lobes forming upper lip (i.e. flag petals) marked with asterisks; St, two primordial stamens; G, primordial gynoecium.
Scale bars: (A) 0-5mm, (B) 0-25 mm. (C, D) Centre of another rosette with a dissected flower bud; (C) overview and (D) close-up. All leaves
removed, except leaf primordia 1-4. Leaves 1-4 belong to a new sympodial unit (i.e. youngest article), which is subtended by leaf 5 (Syy). Next
older article (with leaves 5—8, surrounded by dashed line) is terminated by flower (Fy;;) and subtended itself by leaf 9 (Sy) of the previous article.
This article is highlighted by a solid line and consists of two leaves (9 and 10) and a terminal flower (Fy;, removed). Oldest observable article terminates
with flower (Fj, again removed) after formation of leaves 11 and 12. Leaf 11 acts as subtending leaf (S;) for the next inner article. Arrowhead points to an
additional scaly leaf at the base of scape (Fyy;). Other abbreviations as above. Scale bars = 0-25 mm.

Possible reasons for this organization are discussed, in the MATERIAL AND METHODS
hope that molecular studies can clarify these findings.
Moreover, this study also confirms the unidirectional floral oy )
development in Pinguicula, as already described by ©f Pinguicula moranensis H.B.K. (syn. P. caudata
Buchenau (1865). Schlechtendal) cultivated in the Botanical Gardens of the

The data presented in this study are based on fixed material
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University of Ziirich. Voucher specimens are housed in
Z/ZT. The material used for this study was fixed and pre-
served in 70 % ethyl alcohol. For scanning electron
microscopy (SEM), the dissected material was critical-point
dried and sputter-coated (gold). The micrographs were
taken with Cambridge S4 and JEOL scanning electron
microscopes operating at 20 kV. Thirty fully grown rosettes
were checked in order to verify the observations here. The
authorities of additional species names mentioned in the
text are equivalent to the species and author names given
by Barthlott et al. (2004).

RESULTS
Morphology of the adult plant

Flowers of Pinguicula moranensis are bright carmine red.
The corolla (length 30—64 mm including spur) consists of
a short tube with two lobes forming the upper lip and
three lobes forming the lower lip. The prominent narrow
spur is up to 44 mm long (Fig. 1A). The remaining floral
organs are five sepals, two stamens and a superior ovary
consisting of two fused carpels (Fig. 2B). Fully grown
summer rosettes consist of up to 30 sticky leaves. They
can be taken as parts of one and the same ontogenetic
spiral, which always twines in the same direction, e.g. antic-
lockwise when seen from the rosette centre to its periphery
(leaves 3—24 in Fig. 1B). In addition, there are direct con-
tacts between leaves along parastichies 3, 5 and 8. These
curved lines connect leaves with age differences of three,
five and eight plastochrones, respectively (Fig. 1B).

There are up to three flowers present in a fully grown
rosette with the older flowers (e.g. Fy in Fig. 1B) towards
the periphery and the younger flowers (Fy, Fpy) towards
the rosette centre. Each flower is provided with a leafless
stalk (scape) up to 20 cm long (Fig. 1A). Each scape
arises from extra-axillary positions between leaves.
Subtending leaves associated with the flowers and their
scapes are lacking. For example, flower F; shown in
Fig. 1B seems to originate in the gap between leaf 15 and
leaf 23, whereas flower Fj; is inserted in the gap between
leaf 6 and leaf 9. This position of the flower does not fit
with the monopodial growth-form and therefore requires a
more thorough investigation of the shoot tip.

Sympodial construction of Fibonacci-type
flower-producing rosettes

Dissected rosettes reveal the proper position of the
stalked flowers. Each flower, although arising from a see-
mingly homogeneous rosette, terminates a sympodial unit
(article). Leaves 1-4 (in Fig. 1C, D) belong to a new
article (i.e. sympodial unit), which is subtended by leaf 5.
The former article (with 5—7 as its uppermost leaves) is ter-
minated by a stalked flower bud (with K;/ K, in Fig. 1C, D).
A similar situation is seen in Fig. 2A and B, showing the
centre of another rosette. Leaves 1-3 (surrounded by a
dashed line) belong to a new article, which is subtended
by leaf 4. The former article (with leaves 4-9) again is ter-
minated by a flower (F). Three consecutive articles (I-III)
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with terminating flowers (F;, Fy; and Fyy, respectively) are
shown in Fig. 2C and D as part of the same rosette.
Leaves 2—4 belong to the youngest article in the axil of
leaf 5, which acts as subtending leaf (Syj). The next older
article (with leaves 5-8) is marked by a dashed line. It is
terminated by flower Fyj; and subtended by leaf 9 (Sy;) of
the next older article II. This article consists of two
leaves (9 and 10) prior to the formation of a terminal
flower Fy; (removed) and is highlighted by a solid line.
The oldest observable article I terminates with the flower
F; (removed) after the formation of at least two leaves (11
and 12 in Fig. 2C). Leaf 11 acts as subtending leaf (S;)
for article II.

Surprisingly, the leaves within an article as well as the
leaves of consecutive articles of the sympodially con-
structed rosettes are arranged along a spiral Fibonacci
pattern, twining in the same direction throughout.
Therefore, leaves 4 and 5 within an article, as well as
leaves 3 and 4 from consecutive articles, both have diver-
gence angles of around 137° (Fig. 2A). However, to
measure the exact divergence angle, the centre between
two consecutive leaves needs to be determined. As the
example here shows consecutive leaves (e.g. leaves 3 and
4 in Fig. 2A), belonging to the same ontogenetic spiral
but originating from consecutive shoot apical meristems,
the definition of a centre can only be approximated (as
shown in Fig. 2A). The Fibonacci pattern for the rosette
is therefore deduced from the contact parastichies (as
explained in the Introduction). Figure 1B shows that
leaves with three, five and eight plastochrone age differ-
ences contact each other. The only explanation for this set
of parastichies is the Fibonacci-type phyllotaxis. This
pattern results from homodromy of leaf initiation in con-
secutive articles. This means that the respective direction
of the ontogenetic spiral of each article does not change
from one article to the next. When seen from the periphery
to the centre, all leaves of consecutive articles are arranged
either in a clockwise (Figs 1B, D and 2A, B) or in an antic-
lockwise ontogenetic spiral (Fig. 2C, D). In order to con-
tinue the Fibonacci pattern of the former article, the first
leaf (prophyll) of a new article is inserted in an obliquely
transverse position next to the floral scape that terminates
the former article. For example, leaf 3 in Fig. 2B and leaf
4 in Fig. 2D are prophylls. Occasionally, there is an
additional scale at the base of a floral scape (see arrowhead
in Fig. 2C). This seems to be the very last leaf of the former
article, also fitting into the Fibonacci spiral of the rosette
leaves (e.g. 8—7-6-5 in Fig. 2C). Such a scale may
rarely subtend another flower bud in P. moranensis.

We may therefore formulate the following rule for flow-
ering rosettes of P. moranensis: looking from the periphery
to the centre we can draw an ontogenetic spiral that con-
nects all leaves in a rosette. Within this rosette consisting
of two or more articles the prophylls of consecutive articles
are always positioned on the same side of the flower that
terminates the preceding article: prophyll (e.g. leaf 3) on
the ‘right’ side of the flower in rosettes with clockwise
ontogenetic spiral (Fig. 2A, B), prophyll (e.g. leaf 4) on
the ‘left’ side of the flower in rosettes with anticlockwise
ontogenetic spiral (as in Fig. 2C, D).
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Flower development

As is typical for Pinguicula, the flower buds arise on
stalks (scapes) that usually do not carry additional scales
or leaves (Fig. 1C, D). Dorsiventral flower symmetry is
already evident in calyx formation. The five calyx lobes
are arranged in two lips (Fig. 2B). The two sepal lobes
(K,) pointing towards the rosette periphery show an accel-
erated growth as compared with the three inner ones (Kj).
In a later stage (Fig. 1C, D) the two outer sepal lobes
(K,) are covering the three inner ones (K;). This pattern is
known as descending cochlear aestivation. Corolla for-
mation starts with five lobes, which are soon fused into
one ring. The two inner petal lobes (marked by asterisks
in Fig. 2B, D) are pointing towards the centre of the
rosette. They are slightly delayed as compared with the
development of the three outer petal lobes pointing
towards the rosette periphery. The three outer lobes will
finally turn into the lower corolla lip, whereas the two
inner lobes will turn into the upper flag petals (marked
with asterisks in Fig. 1A). The two stamens first appear
as hemispherical bumps and the gynoecium arises as a lens-
shaped bulge (Fig. 2B). The spur, which is prominent in the
functional flower, is not yet observable in the micrographs
shown.

DISCUSSION

Sympodial construction of Fibonacci-type leaf rosettes
in Pinguicula

Observational evidence, presented in this paper, point to
the fact that the rosettes of Pinguicula are constructed
sympodially with the flowers terminating consecutive
articles (sympodial units). This fact has been known for
P. vulgaris since Buchenau (1865) and Troll (1937) but
has not subsequently been discussed. New publications on
reproductive biology have overlooked such data. For
example, neither Svensson ef al. (1993) nor Worley and
Harder (1999) in their papers on preformation of flowers
in Pinguicula vulgaris mentioned either Buchenau (1865)
or Troll (1937). In addition recent, accurate overviews on
the genus Pinguicula such as presented by Legendre
(2000) and Barthlott et al. (2004) do not cover the sympo-
dial construction of the leaf rosettes.

Similar to Wydler (1857), Raju (1969 :511) assumed
that consecutive primordia along the same ontogenetic
(= genetic) spiral have the ability to develop into either a
radial floral stalk or a dorsiventral leaf. Raju (1969: 514)
wrote: ‘The presence of two kinds of genetic spirals, clock-
wise, or counter clockwise, in Pinguicula vulgaris is also an
interesting morphological problem. In a long-lived plant
one or the other genetic spiral is maintained in spite of
the interruption caused by the appearance of flowers in
leaf sites. The floral stalks developed, thus, are ebracteate
similar to the cases reported for Nuphar and Nymphaea
(Cutter 1961)’. Similarity with the situation proposed by
Raju (1969) for Pinguicula and Nymphaea consists of
more than the ebractate floral stalks. Indeed, the situation
of flowers appearing in leaf sites has been confirmed for
Nymphaea (Cutter, 1961; Grob et al., 2006). In other

861

nymphaeaceous genera, such as Nuphar and Ondinea, this
means of flower inception can also be found (Schneider
et al., 2003). The SAM in these basal angiosperms
obviously has the plasticity of initiating leaves or flowers
along the same ontogenetic spiral. The observations on
Pinguicula moranensis as presented herein clearly show
that Raju (1969) was wrong in accepting a homeotic repla-
cement of certain leaves (leaf sites) by flowers in
Pinguicula. The presence of extra-axillary flowers (not sub-
tended by leaves) in Pinguicula is due to sympodial con-
struction with homodromy of spiral phyllotaxis of
consecutive sympodial units. Similarly, sympodial con-
struction of flowering shoots and leaf rosettes (even
showing prophylls with expanded blades) is also known
from various Araceae (Ray, 1987), Asphodelaceae such as
Aloé (Dahlgren et al., 1985), Gunneraceae (Rutishauser
et al., 2004) and Solanaceae (Reinhardt and Kuhlemeier,
2002). In Pistia stratiotes (Araceae) the sympodially con-
structed leaf rosettes again approach Fibonacci phyllotaxis.
The sympodial units of Pistia rosettes, however, consist of
two different leaves each: a prophyll with reduced blade
and a foliage leaf (Lemon and Posluszny, 2000).

Regulation of spiral phyllotaxis

Phyllotaxis is the result of how resources (most impor-
tantly space) in the SAM are distributed among the primor-
dia. In a review paper on phyllotaxis, Reinhardt (2005)
asked the question ‘Why did regular phyllotaxis evolve?’
He answered this question for monopodial stems with a
continuously active SAM as follows (p. 544): ‘Here,
regular phyllotaxis may represent a selective advantage
over random leaf position, allowing the meristem to opti-
mally allocate founder cells, thus avoiding depletion or
over-proliferation of organogenic cells on one side of the
apex’. More specifically, Reinhard (2005) as well as
Reinhardt er al. (2003) proposed an ‘auxin-sink’ model
where auxin transport proteins are responsible for the gen-
eration of regular phyllotactic patterns such as the Fibonacci
system. Does Reinhardt’s explanation of optimal allocation
of founder cells and the related ‘auxin-sink’ model also fit
to the reproductive shoot systems of, for example,
Pinguicula, Pistia and Gunnera, which give rise to
regular Fibonacci systems in spite of the lack of monopodi-
ality? In fact, the rosettes of Pinguicula, Pistia and Gunnera
are constructed as chains of sympodial units (articles) with
the foliage leaves of consecutive articles often being
arranged according to a Fibonacci pattern or nearly so
(for Pistia see Lemon and Posluszny, 2000; for other arac-
eous members see Ray, 1988; for Gunnera see Rutishauser
et al., 2004). In order to get a single ontogenetic spiral over
several sympodial units (as a result of several consecutive
but independent SAMs), the first leaf (prophyll) of each
new axillary bud needs to be added always on the same
side with respect to the clockwise or anticlockwise
turning ontogenetic spiral. Because the SAM of each sym-
podial unit (article) terminates into a flower or an inflores-
cence, any continuity of founder cells (as proposed by
Reinhardt, 2005) inside a long-lasting SAM is impossible.
Nevertheless, Pinguicula, Pistia and Gunnera are able to
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produce Fibonacci-type shoot systems (leaf rosettes). Thus,
there must also be other mechanisms than those proposed
by Reinhardt (2005) and Reinhardt et al. (2003) leading
to Fibonacci-type patterns in sympodial shoot systems. In
non-flowering (sterile, vegetative) leaf rosettes of Pistia
the sympodial chain of articles (with a bract-like prophyll
and a foliage leaf each) appears to be ‘monopodized’, i.e.
coming close to monopodial shoot growth (Lemon and
Posluszny, 2000). Such sterile ‘monopodized’ shoots may
have evolved from reproductive sympodial shoots, as
already proposed in Salpichroa and other Solanaceae by
Huber (1980), and in members of Alismataceae,
Limnocharitaceae and Hydrocharitaceae by Charlton and
Posluszny (1999).

Unidirectional floral development in Pinguicula
as compared with Utricularia

For earlier descriptions of flower development in
Pinguicula the reader is referred to Legendre (2000 : 78) and
Casper (1966 : 23). Tucker (1999) cites Buchenau (1865),
saying that floral development in Pinguicula is unidirectional,
i.e. initiation of organs starts on one side (adaxial or abaxial)
and continues through to the other side. This pattern is also
observable in Leguminosae, Solanaceae, Scrophulariaceae,
Plantaginaceae and Utricularia (Tucker, 1999). The present
observations confirm a unidirectional mode of floral develop-
ment in P. moranensis, especially for the calyx (Fig. 1C, D)
and the corolla (Fig. 2A-D). The ‘abaxial’ floral organs
pointing towards the periphery of the rosette develop earlier
than the ‘adaxial’ ones pointing towards the centre of the
rosette. On the ‘adaxial’ side, there are the two flag petals,
forming the upper corolla lip, while the three ‘abaxial’
petals become the lower corolla lip. This means that the
flower in the course of its development is turned outwards
with the ‘adaxial’ side of the bud becoming the upper side
(flag petals) in the fully-grown flower. A similar uni-
directional mode of floral development is also observable in
other members of the Lentibulariaceae. In young flower
buds of P. vulgaris and Utricularia spp. (such as U. minor
or U. vulgaris) the flag petals are smaller than the lobes of
the lower corolla lip (Buchenau, 1865).
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