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Abstract
Pollination in Marantaceae is mediated by an explosive style movement. Before release, style tension is held by the hooded 
staminode. When a pollinator touches the trigger appendage of the hooded staminode the latter deforms and the style rap-
idly curls upwards. This movement has been interpreted as a turgor movement by some authors, but recent studies clearly 
indicate that setup, hold and release of tension are purely mechanical processes. However, in view of the high diversity of 
hooded staminodes, the question arises what keeps the tension in species with very thin staminodes. To test the holding 
mechanisms, we conducted mechanical and physico-chemical release experiments in four species with robust and four spe-
cies with thin hooded staminodes in their natural tropical environment. We found almost the same response of all species 
to mechanical treatments, but species-specific reactions to different physico-chemical conditions. This indicates that style 
release follows the same mechanical principles in all species, but that the sensitivity of the explosive movement depends on 
material properties like tissue thickness and turgescence. As to the holding mechanisms, we found different degrees of floral 
synorganization. The hood of the hooded staminode formerly interpreted as an important holding structure does not play 
a noteworthy role. Instead, the basal plate of the hooded staminode antagonises the pressure of the style head against the 
holding point of the hooded staminode in species with robust hooded staminodes and well-developed basal plates. In some 
species with a thin hooded staminode, the latter is closely attached to the style and most likely stabilises tension by adhesive 
forces. In another species, a morphologically analogous structure adopts the function of the basal plate. We conclude that 
the holding mechanism of the style tension diversified during the evolution of Marantaceae whereas the release mechanism 
itself has been conserved throughout the family.

Keywords Holding point · Hooded staminode · Mechanical release of tension · Mechanical wounding · Physico-chemical 
treatments · Pollination mechanism

Introduction

Marantaceae is an important element of tropical forest eco-
systems. Nearly all species grow in the understory of tropical 
rainforests as perennial herbs and lianas. They account for a 
considerable biomass, provide food for pollinators and frugi-
vores and shelter for small animals. Together with its small 
monogeneric sister family Cannaceae, Marantaceae forms 

the most advanced clade within the order Zingiberales. Most 
of the approx. 350 species (>80%) is distributed in the New 
World (Andersson 1981, 1998; Kennedy 2000). Except 
Halopegia and Thalia, each of the 29 genera is endemic to 
a single continent, i.e., Africa, America, and Asia (Govaerts 
and Kennedy 2016).

The family is characterized by a unique pollination 
mechanism combining extreme protandry and second-
ary pollen presentation with an explosive style movement 
(Claßen-Bockhoff and Heller 2008a; Eichler 1884; El Ottra 
et al. 2023; Kennedy 2000; Locatelli et al. 2004). Pollen is 
transferred in a split second (Claßen-Bockhoff 1991; Kunze 
1984) and mediated by sophisticated staminode structures 
and pollen presenters which are precisely synorganized 
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and synchronized with the pollinators’ behavior (Ley and 
Claßen-Bockhoff 2011, 2012).

Style tension is set up in late bud stage mediated by the 
fleshy and hooded staminodes. In the adult flower (Fig. 1a, 
b), the fleshy staminode narrows the flower entrance thus 
forcing the pollinator to touch a trigger structure. The most 
important staminode with respect to the style movement is 
the hooded staminode (Fig. 1c, d: hs). It encloses the style 
head with a hood-like structure (ho) and usually forms a 
basal plate (bp) and trigger appendage (ta) at the side. In 

open flowers, the style (st) lies under tension in the hooded 
staminode. Style tension is set up before flowering, when 
own pollen is squeezed out of the anther by the elongat-
ing style (Claßen-Bockhoff and Heller 2008a; Pischtschan 
and Claßen-Bockhoff 2008). It is pressed onto the pollen 
plate (pp) at the back of the style head and protected by 
the hood of the hooded staminode. In the last hours before 
anthesis, the style elongates more strongly than the jacket-
ing hooded staminode (Delpino 1869; Kennedy 1978). In 

Fig. 1  Flower construction and pollination mechanism in Maranta 
leuconeura. a Front view of a flower. fs, fleshy staminode; os, outer 
staminode; pe, petal; th, theca of the half-fertile stamen. b Floral dia-
gram. hs, hooded staminode; se, sepal; st, style. c,d Style movement. 
c In the open flower, the style lies overstretched in the hooded stami-
node. Own pollen is secondarily presented by the pollen plate (pp) 
at the back of the style head. When a pollinator loaded with foreign 

pollen (po) touches the trigger appendage of the hooded staminode 
(d: ta), style tension is released and the style curls inwards. d Dur-
ing the rapid style movement, pollen is exchanged. bp, basal plate; hp, 
holding point; gl, gland; ho, hood; sc, style canal; so, stigmatic ori-
fice.  © a,b after Pischtschan and Claßen-Bockhoff 2008. c,d based 
on Claßen-Bockhoff 1991, changed
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many species, the resulting style tension is recognized by 
the arched form of the style (Fig. 1c).

When searching for nectar, the pollinator touches the trig-
ger appendage and releases the explosive style movement. 
The style springs upwards, and during this rapid movement 
pollen is exchanged. Given that the pollinator is loaded with 
foreign pollen on its proboscis or bill (Fig. 1c: po), this pol-
len is scraped off by the margin of the stigmatic orifice (so). 
Immediately thereafter, and facilitated by the curling move-
ment, own pollen is pasted on precisely the same site of the 
pollinators’ mouth parts by a glue originating from the gland 
(gl) on the stylar head (Fig. 1c).

Whereas Delpino (1869), Eichler (1884), Schumann 
(1902) and Kennedy (1978) considered the style move-
ment to be a purely mechanical process, Kunze (1984) pos-
tulated that it might be a turgor movement resembling the 
trap mechanism in the Venus flytrap Dionaea muscipula J. 
Ellis. He tested the release of the style tension in Maranta 
leuconeura E. Morren and Calathea undulata Regel by 
experiment and found that shifting the basal plate resulted 
in a rapid style movement, whereas cutting off large parts 
of the hood did not. He concluded that the hood was not 
able to hold the style tension mechanically and that the lat-
ter, therefore, is not set up by the counter pressure of the 
hooded staminode but by its internal tissue construction. 
Slow motion pictures confirmed his view as the whole style 
movement only needed 0.2 s which is too fast for a simple 
shift of water (Skotheim and Mahadevan 2005).

To test the hypothesis of a turgor movement, Claßen-
Bockhoff and Heller (2008b) conducted release experiments 
in Costa Rica in four species, three with robust hooded sta-
minodes (all Calathea clade) and Hylaeanthe hoffmannii (K. 
Schum.) A.M.E. Jonker & Jonker ex H. Kenn. (Maranta 
clade) with a very thin hooded staminode (Fig. 2a). They 
expected that in case of a turgor movement touching or 
piercing the style surface would cause membrane depolari-
zation and, subsequently, style release. The authors could 
indeed directly trigger the style movement in Hylaeanthe 
hoffmannii, but not in the three remaining species. They con-
cluded that two different mechanisms might have evolved 
in the family, a mechanical release in genera with strong 
hooded staminodes (like Calathea) and a turgor mechanism 
in more advanced genera with thin hooded staminodes (like 
Hylaeanthe). However, they proposed to repeat the treat-
ments to clearly exclude any elastic deformations and wilting 
processes.

Subsequent histological investigations did not confirm 
the presence of a motor tissue (Jerominek et al. 2018; Pis-
chtschan and Claßen-Bockhoff 2010). A detailed study deal-
ing with the synorganization of floral structures in Maran-
taceae furthermore illustrated that the abaxial base of the 
style head pressed against the hood (holding point, Fig. 1c: 
hp) thereby stretching the tissue of the hooded staminode 

(Ley and Claßen-Bockhoff 2012). This finding explains that 
parts of the hood can be removed without releasing the style 
movement and that the hooded staminode bends backwards 
when the style curls upwards. Finally, electrophysiological 
measurements in Goeppetia bachemiana (Morren) Borchs. 
& Suárez with strong and Donax canniformis (G. Forst.) K. 
Schum. with weak staminode structures revealed that the 
release is purely mechanical in both species (Jerominek and 
Claßen-Bockhoff 2015). Based on quantitative histologi-
cal investigations in Goeppertia bachemiana (E. Morren) 
Borchs. & S. Suárez, Jerominek et al. (2018) proved that 
the upper epidermis is under tensile stress in the unreleased 
style and that the shift of water stabilizing the final shape 
of the style is a consequence of and not the reason for the 
breakdown of tension. They concluded that the high speed 
of the style movement is based on elastically stored energy 
(Forterre et al. 2005).

All data at hand indicate that the setup, hold and release 
of tension are purely mechanical processes. However, it is 
still unclear how weak-hooded styles like those of Hylae-
anthe hoffmannii are hold and released. In this species, the 
style is extremely arched (Fig. 2a), but the hooded staminode 
is not stretched in such a way that it moves backwards after 
the release of style tension (Fig. 2f). It rather has a convex 
shape and closely adheres to the style. When mimicking a 
pollinator by inserting a needle into the channel between 
style and trigger appendage (Fig. 2b), the connection is 
solved, the style springs upwards and the hooded staminode 
relaxes (Claßen-Bockhoff and Heller 2008a, b).

In the present study, we conduct style release experi-
ments in eight species not previously investigated. We test 
the hypothesis that the style movement in Marantaceae is a 
purely mechanical process. For this purpose, we consider all 
data at hand and discuss the arguments apparently advocat-
ing a turgor movement, i.e., that the style itself is sensitive, 
that the hooded staminode is not able to hold the style ten-
sion and that the speed of the movement cannot be explained 
by a mechanical model.

Material and methods

Plant material

Eight taxa (four genera/seven species) were chosen for the 
experiments (Table 1; Fig. 3). The species represent differ-
ent phylogenetic clades and are characterized by different 
flower morphologies. Weak and strong hooded staminodes 
were distinguished according to the hood types defined by 
Pischtschan et al. (2010).

To avoid undesired greenhouse effects, flowers were col-
lected and investigated in their natural habitats, i.e., the Wil-
son Botanical Garden in the Field Station Las Cruces, Costa 
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Rica (January to March 2010) and the Queen Sirikit Botanic 
Garden in Chiang Mai, Thailand (March to April 2010).

Picked flowers are highly sensitive to humidity. They 
either release spontaneously or lose their tension in the 
unreleased state. To avoid such desiccation effects, all 
flowers were picked in the morning and kept moist in a 
humid box for a maximum of 2 h till dissection. Stro-
manthe tonckat grew outside the Wilson Botanic Gardens 

(N 8.78604°, W 82.97257°) and was investigated in the 
field. Flowers were dissected under a dissecting micro-
scope to uncover style and hooded staminode. Afterwards, 
the mechanical, chemical, and temperature manipulation 
tests were performed. Experiments were documented 
with a Canon Powershoot G9 mounted on a dissecting 
microscope.

Fig. 2  Hylaeanthe hoffmanii. a Side view of the hooded staminode 
and style. The hooded staminode is very thin and follows the curved 
(convex) shape of the style. Its trigger appendage (ta) is in a proxi-
mal position; basal plate and longitudinal swellings are lacking. At 
the holding point (hp), the style presses against the hooded staminode 
and keeps it stretched; at the fusion point (fp), style and hooded sta-

minode separate from each other. b–f When the trigger appendage is 
bent backwards, the style is released from the hooded staminode and 
rapidly springs forward. Pictures taken from a video with 30 frames 
per second. The selected pictures correspond to frames 4, 8, 9, and 14 
illustrating the extremely short time of the style bending (about 0.3 s). 
All figures in the same scale.  © M. Jerominek, Mainz
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Morphometric data

Morphological characters like length, width, and height 
of the style (Fig. 4c, e) were measured and tested for cor-
relations between shape and size of floral structures and 
different style responses. Measurements were performed 
using photographs of the styles. All measurements were 
performed in the unreleased state.

• Style length was recorded from the fusion point with 
the hooded staminode to the head of the style when 
still covered by the hooded staminode (Fig. 4c). Addi-
tionally, based on the lateral view, the area of the style 
and its proportion covered by the hooded staminode 
(Fig. 4d) was calculated using Photoshop CS4.

• To investigate whether the position of the basal plate 
influenced style response its relative position to the 
style was determined as distance between basal plate 
and tip of the style (Fig. 4c: pb) divided by the length 
of the style.

• The extension of the basal plate on the upper side of the 
style might be (1) minute, rarely reaching to the upper 
side of the style, (2) small, reaching up to one fourth 
of the style width, or (3) large, covering up to one half 
of the style width (Fig. 4a).

• Morphological characters such as the dimensions of the 
frontal and adaxial lobes were classified for analyses as 
follows: (1) absent or small, (2) medium, and (3) large. 
The latter describes a frontal lobe covering even the 
stigmatic cavity (Fig. 4a: fl) or an adaxial lobe extended 
up to the basal plate (Fig. 4a: al).

• The strength of the hooded staminode was coded as (1) 
thin, (2) thin with a swelling along the midrib, or (3) 
robust, with thickening not restricted to the midrib but 
affecting the whole staminode.

Style release experiments

In total, 42 different tests were performed to identify (1) 
which structure or tissue held the style and thus stored the 
elastic energy needed for the explosive style movement, 
and (2) which structures accounted for the perception of the 
release stimulus. Among these tests, 30 approaches manipu-
lated the flowers mechanically, ten chemically, and two were 
based on the effect of temperature. Usually, three flowers 
per species were investigated for each approach. In case 
of doubtful results, sample size was increased to ten flow-
ers (indicated in the respective tables). Sample size (total 
numbers of dissected flowers per species) slightly differed 
according to the availability of a suitable number of flowers.

To analyse and compare the data, an indicator for the 
style response (sensitivity) was calculated. It is defined as 
the frequency of style release after a certain treatment with 
the following five predefined ranges for style response: (1) 
0% (never), (2) 1–25% (rare), (3) 26–75% (ambiguous), (4) 
76–99% (frequent), and (5) 100% (always).

Mechanical tests

Mechanical stimuli were applied to test the importance of 
different morphological structures and whether they (1) have 
a holding function, (2) initiate the style movement, (3) are 
part of signal transmission, or (4) do not account for any of 
these functions.

The mechanical tests comprised five major approaches, 
i.e., stinging into the tissue of the style (Fig. 4a), cutting at 
various positions (Fig. 4b), deflecting the trigger appendage 
(Fig. 4d) by touching style and hooded staminode at different 
positions (like basal plate, frontal, and adaxial lobe), mov-
ing and lifting the basal plate (Fig. 4e), frontal, and adaxial 
lobes (Fig. 4a: fl, al).

Table 1  Investigated taxa and 
their locality

Morphology of the hooded staminode (weak vs. strong), hood types according to Pischtschan et al. (2010), 
and phylogenetic placement according to Prince and Kress (2006)
WGB Wilson Botanical Garden (Costa Rica), QSBG Queen Sirikit Botanic Garden (Thailand)

Taxon Loc Hooded staminode Hood type Phylogenetic clade

Strong Weak

Calathea crotalifera S. Watson WBG x Thumb Calathea II
Goeppertia ecuadoriana (H. 

Kenn.) Borchs. & S. Suárez
WBG x Thumb Calathea I

G. zebrina (Sims) Nees var. zebrina WBG x Thumb Calathea I
G. zebrina var. humilior Körn WBG x Thumb Calathea I
Phrynium imbricatum Roxb QSBG x Ear Donax
P. pubinerve Blume QSBG x Ear Donax
Stromanthe tonckat (Aubl.) Eichler WBG x Spoon Maranta
S. sanguinea Sond WBG x Spoon Maranta



750 Journal of Plant Research (2024) 137:745–762

Deflecting and touching manipulations were performed 
with a preparation needle, while a syringe was used for the 
stinging and a razor blade for the cutting experiments. The 
trigger appendage was deflected in four directions, two of 
them longitudinal to the style, i.e., distal (towards stigmatic 
cavity) and proximal (towards ovary) and two of them cross-
wise (deflected towards and away from the style; Fig. 4d, e). 
To identify the elastic tissue tension (stress distribution in 
the style), longitudinal and transversal cuts were performed 
(Fig. 4b). Potential holding structures were manipulated by 

cutting to test whether the corresponding treatment leads to 
the release of the style. Touching and stinging experiments 
were performed on the upper side of the style, on its flanks 
and at/close to the basal plate.

Chemical and physical treatments

Previous investigations have shown that styles of some spe-
cies can be fixed in the unreleased state using ethanol, meth-
anol, AFP, GFE, anaesthetics, hypertonic solutions, and/or 

Fig. 3  Inflorescences and dissected flowers with hooded staminodes. 
a–d Species with strong hooded staminodes. Note the swellings 
in b–d. a Calathea crotalifera (lateral and top view). b Goeppertia 
ecuadoriana (top view). c G. zebrina var. zebrina (lateral and top 
view). d G. zebrina var. humilior (lateral and top view). e–h Species 

with weak-hooded staminodes. e Stromanthe tonkat (unreleased and 
released state). f S. sanguinea (unreleased and released state). g Phry-
nium pubinerve (whole flower in side view). h P. imbricatum (whole 
flower in side view). a–h Bar = 5 mm
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by freezing (Claßen-Bockhoff and Heller 2008b; Pischtschan 
and Claßen-Bockhoff 2008, 2010). However, the different 
response to temperature and narcotizing substances has 
not been explained so far. The original assumption that the 
treatments could directly affect the membrane potential was 
rejected by Jerominek and Claßen-Bockhoff (2015), who 
excluded active signaling by applying chloroform.

The influence of temperature was tested by storing the 
dissected flowers either in a freezer (− 6° C) or in a heater 
for herbarium material (+ 60° C). After 30 min, the released 
or unreleased state of the styles was controlled. Sodium 
chloride (NaCl) was used as hypertonic solution with a 1 M 
concentration. Alcohols (ethanol and methanol) in concen-
trations ranging from 50 to 99% were applied to dissected 
flower allowing the chemical to fully cover style and hooded 
staminode. The influence of chloroform steam was tested 
using different concentrations, i.e., high (40 ml chloroform 
in 100 ml bottle, evaporating diameter: 5 cm), medium (1 ml 
chloroform in 80 ml tube, evaporating diameter: 17 mm), 
and low concentrations (300 µl chloroform in 80 ml tube, 
diameter of the evaporating surface area: 8 mm). Each time, 
the chemicals were applied for 20 min. The styles either 

released spontaneously during this time or were fixed in the 
unreleased state. To test for residual tension, the hood of the 
unreleased styles was removed. In single cases, a fixation 
period of 45 min was needed to irreversibly fix the style. For 
each chloroform approach the samples were only exposed to 
the steam but not wetted by the chemical.

Statistics

Several analyses were performed to identify (1) treatments 
with similar effects on the style of a certain taxon, (2) mor-
phological parameters that account for the same reaction 
(style response) in different taxa, and (3) to test whether 
it is possible to distinguish the genera based on their style 
response. All parameters (ordinal and metric) were tested 
for correlation. Auto-correlated characters, e.g., morphologi-
cal parameters vs. genera and hood type or those showing 
allometric relationships such as style width and height were 
not considered here. Pearson`s correlation coefficient (r) 
and significance (P) were calculated using SPSS 20.0.01 for 
both, the whole taxon set (8 taxa) and each of the two groups 
with weak (four taxa) and strong hooded staminodes (four 
taxa). Scatter plots were generated using SigmaPlot 10.0. 
For testing differences between weak- vs. strong-hooded 
species and between genera, a non-parametric U-Test was 
conducted using SPSS 20.0.01.

Results

Morphological diversity of the style‑hooded 
staminode complex

The strong-hooded group includes the Calathea and 
Goeppetia species (Table 2). It is characterized by robust 
hooded staminodes with trigger appendages and basal 
plates (Fig. 5a–d). Calathea has stiff hooded staminodes 
throughout (Table 2) whereas Goeppertia has stiff tissue 
swellings only along the midrib of the hooded staminode 
(Fig. 3b–d). Frontal and adaxial lobes are present in all four 
species. Goeppertia zebrina var. humilor showed shorter 
adaxial lobes than the other three taxa (Fig. 5d). Generally, 
among the investigated species, the strong-hooded species 
have larger, broader, and wider styles and thicker hooded 
staminodes than the weak-hooded species (Fig. 5; Table 2). 
Appendages of the hooded staminode (basal plate and lobes) 
are also more prominent and larger in the strong-hooded 
species, and basal plates cover up to one half of the style 
width (Fig. 5a–c).

The four species with weak-hooded staminodes differ 
in their hooded staminodes. Frontal and adaxial lobes are 
reduced or even absent. Stromanthe has trigger appendages 
with very small basal plates (Fig. 5e, f). The relative position 

Fig. 4  Mechanical tests and morphometric measurements. Example: 
Goepperta zebrina var. zebrina. a–c Top views. a Positions and struc-
tures for touching, stinging, and cutting (dotted line) experiments; 
al, adaxial lobe; bp, basal plate; fl, frontal lobe; ss, stamen side; ts, 
trigger side; us, upper side; x, position at basal plate. b Longitudinal 
(solid line) and transversal (dotted line) cutting positions; ba, bend-
ing area. c Morphometric measurements of length and width of the 
style  and the asymmetric position of the basal plate. pb, position 
basal plate; x, position close to the basal plate. d,e Lateral views. d 
Directions of deflection: aw, away from style; to, towards style. hp, 
holding point. e Position for measuring the height of the style; arrows 
indicating directions for lifting (upwards) and moving (laterally) the 
basal plate
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of the latter is more proximal (relative position: 0.3–0.37) 
than in strong-hooded taxa whose relative positions range 
from 0.22 to 0.28 (Table 2). In contrast, the two Phrynium 
species show folded trigger appendages (Fig. 5g, h) and form 
a slightly stiff basal plate. The relative position of the latter 
is proximal almost in the middle of the bending area (rela-
tive position: 0.4–0.45; Table 2). Morphologically, the two 
Phrynium species (Fig. 5g, h) clearly differed from all other 
taxa investigated by having a convex shape of the hooded 
staminode that is closely attached to the style.

The proportion of the style covered by the hooded stami-
node is highly variable within and among genera (Table 2). 
For weak-hooded species the coverage values range from 
34.0 to 50.7% while this range is slightly smaller for strong-
hooded taxa (44.4–58.1%).

Style response to mechanical stimuli

Despite the different morphology of the style-hooded sta-
minode units, the mechanical tests revealed only little inter-
specific differences (Table 3). The values for style responses 
(sensitivity) to a certain treatment were quite distinctive with 
either a high frequency of style release (value: 5) or a negli-
gible sensitivity (value: 1).

Trigger appendage

In all investigated taxa, the style was released when the 
trigger appendage was deflected longitudinally in proximal 

direction (Fig. 4d; Table 3). The same reaction was observed 
when deflecting the trigger appendage away from the style. 
In contrast, the two other directions (distal and towards the 
style) did not lead to the release of the style (Video V1). The 
only exception for this reaction was found in Stromanthe 
sanguinea, which showed an ambiguous style response (sen-
sitivity) for the deflection of the trigger appendage towards 
the style (Table 3). In all experiments it was impossible to 
cut off the trigger without inducing a style release.

Basal plate

Mechanical manipulations affecting the basal plate showed 
opposite reactions. Whereas slightly touching the basal plate 
from above did not lead to the style release (except for Stro-
manthe tonckat), lifting, moving, or cutting the basal plate 
always resulted in style release. The basal plate slipped away 
before the style started to move (Video V2).

Staminode lobes

Lifting the frontal or adaxial lobes did never release the 
style. Longitudinal cuts into the distal hood showed no 
response (except when the manipulation was located close 
to holding point between style and hooded staminode, 
Video V3). The adaxial lobe could be removed by cutting 
without any style response, whereas cutting off the frontal 
lobe induced style release in the three strong hooded Goep-
pertia taxa (Table 3).

Table 2  Morphological 
character states

Dimensions of frontal lobe, adaxial lobe and basal plate: 1, absent or small. 2, medium. 3, large. Thick-
ness of the hooded staminode: 1, thin. 2, swelling only along the midrib. 3, robust. Coverage of the hooded 
staminode, i.e., percentage that covers the style in the lateral view. Relative position of the basal plate: low 
value corresponds to more distal and high value to more proximal position. For more detailed description 
see “Material and methods” section
Cc, Calathea crotalifera; Ge, Goeppertia ecuadoriana; Gzz, Goeppertia zebrina var. zebrina; Gzh, Goep-
pertia zebrina var. humilior; Pi, Phrynium imbricatum; Pp, Phrynium pubinerve; Ss, Stromanthe san-
guinea; St, Stromanthe tonckat

Morphological characters Species with

Strong hooded staminodes Weak-hooded staminodes

Cc Ge Gzz Gzh St Ss Pi Pp

Dimensions of
 Frontal lobe 3 3 3 3 1 2 1 1
 Adaxial lobe 3 3 3 2 1 1 1 1
 Basal plate 3 3 3 2 1 1 2 2

Thickness hs 3 2 2 2 1 1 1 1
Coverage hs (%) 44.4 58.1 50.8 48.3 35.7 44.6 34.0 50.7
Relative position of basal plate 0.25 0.22 0.22 0.28 0.30 0.37 0.45 0.40
Style (mm)
 Height 1.2 1.3 1.6 1.4 0.9 1.2 0.9 0.7
 Width 1.4 1.8 1.5 1.4 1.2 1.6 1.3 1.0
 Length 6.2 7.9 7.9 6.3 4.4 4.4 4.6 4.1
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Style

Touching the style at different sites never stimulated a 
response (Table 3). Similarly, style tension was not released 
after stinging in the style with a preparation needle. Only 
Goeppertia zebrina (both var. zebrina and var. humilior) 
showed a rupture when the bending area was concerned 
(Table 3). In all other species and stinging positions, the style 
was never released after a single stinging but released after 
repeated stimulation and corresponding wounding effects 
(Video V4). The only example in which one single sting 
led to a style release was found in Stromanthe tockat. Here, 
the reaction was restricted to a manipulation close to the 

basal plate (Table 3). Transversal cuttings of the style always 
released its tension or was followed by a downward buckling 
(Table 3: *, Video V5). In some species such a rupture went 
along with the separation of the upper and lower cell-layer of 
the style. While the latter remained intact, the former splits 
and curls-up in the opposite direction (Video V6). Longitu-
dinal cuts in the style led to a release of tension in three of 
the four weak-hooded staminodes (Table 3). The response 
in the remaining species was negligible (Video V7). After 
wounding, both varieties of Goeppertia zebrina showed a 
colour change of the style, which turned from white to black 
(Video V8).

Style response to chemical and physical tests

Compared to the mechanical treatments (Table 3), single 
chemical and physical tests revealed strong interspecific dif-
ferences (Table 4). In Phrynium, the two species clearly dif-
fered in their response to low-concentrated chloroform steam 
and different temperatures (Table 4). In contrast, medium to 
high sodium chloride concentrations, alcohols, and NaCl are 
not suitable to distinguish between the two species. As to 
the two varieties of Goeppertia zebrina, the style response 
to alcohol can be used to discriminate between both taxa 
(Table 4; 70% alcohol).

Alcohol treatments

Treatments with highly concentrated ethanol and metha-
nol (99%) always led to style release. The application of 
lower concentrations reduced the style response in all taxa 
(Table 4). Long exposure times in low concentrated alcohol 
generally led to a reduction or even complete loss of sensi-
tivity that allows the fixation of styles even in species that 
show a high sensitivity (self-release). In the latter case, the 
style was fixed in its position and it was possible to induce 
any response even not by mechanical stimuli. For Goepper-
tia zebrina, each experiment with alcohol caused a colour 
change of the style, which turned from white to black after 
the chemical was applied (Video V9).

Chloroform steam

In all species, high concentrations of chloroform steam 
induced style release more often than lower concentrations 
(Table 4). However, species differed considerably in their 
response as shown in the two Goeppertia taxa. Similar to 
the alcohol tests, also low concentrated chloroform steam 
caused a fixation of the styles (Video V10) except for Phry-
nium pubinerve and Goeppertia zebrina var. humilor.

Fig. 5  Morphology of the functional unit composed of hooded sta-
minode (grey) and style (white). a–d Strong-hooded species with 
‘thumb-like’ trigger appendages and staminode lobes. a Calathea 
crotalifera. b Goeppertia ecuadoriana. c G. zebrina var. zebrina. d 
G. zebrina var. humilior. e–f Weak-hooded species with reduced 
lobes. e Stromanthe tonckat. f S. sanguinea. g Phrynium imbrica-
tum. h P. pubinerve. 1 Top views showing the dimension of the basal 
plates and the staminode appendages. 2 Lateral views illustrating the 
bending of the styles, their coverage by the hooded staminodes and 
the relative positions of the basal plates. al, adaxial lobe; bp, basal 
plate; hp, holding point; fl, frontal lobe; so, stigmatic orifice; ta, trig-
ger appendage. All schemes are in the same scale
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Table 3  Style response to 
mechanical treatments

Style response: 1, 0% (never). 2, 1–25% (rare). 3, 26–75% (ambiguous). 4, 76–99% (frequent). 5, 100% 
(always)
Cc, Calathea crotalifera; Ge, Goeppertia ecuadoriana; Gzz, Goeppertia zebrina var. zebrina; Gzh, Goep-
pertia zebrina var. humilior; Pi, Phrynium imbricatum; Pp, Phrynium pubinerve; Ss, Stromanthe san-
guinea; St, Stromanthe tonckat
*Frequency of style release not coded since the treatment was destructive
/ Morphological structure absent
# Sample size 10 (instead of 3)

Mechanical treatments Species with

Strong hooded staminode Weak-hooded staminode

Cc Ge Gzz Gzh St Ss Pi Pp

Trigger appendage
 Deflected

  Away from style 5 5 5 5 5 5 5 5
  Towards style 1 1 1 1 1 3# 1 1
  Proximal 5 5 5 5 5 5 5 5
  Distal 1 1 1 1 1 1 1 1

Removed by cutting 5 5 5 5 5 5 5 5
Basal platte
 Lifted upwards 5 5 5 5 5 5 5 5
 Moved laterally 5 5 5 5 5 5 5 5
 Touched above 1 1 1 1 5 1 1 1
 Removed by cutting 5 5 5 5 5 5 5 5

Distal hood
 Logitudinal cut 1 1 1 1 1 1 1 1

Frontal lobe
 Lifted upwards 1 1 1 1 / 1 / /

 Removed by cutting 1 5 5 5 / 1 / /

Adaxial lobe
 Lifted upwards 1 1 1 1 / 1 / /

 Removed by cutting 1 1 1 1 / 1 / /

Stye
 Touched

  At upper side 1 1 1 1 1 1 1 1
  At trigger side 1 1 1 1 1 1 1 1
  At stamen side 1 1 1 1 1 1 1 1
  At lower side via hs 1 1 1 1 1 1 1 1
  Close to basal plate 1 1 1 1 1 1 1 1
  At margin of hood 1 1 1 1 1 1 1 1

 Stinged
  In upper side 1 1 1 1 1 1 1 1
  In trigger side 1 1 1 1 1 1 1 1
  In stamen side 1 1 1 1 1 1 1 1
  In bending area 1 1 5 3# / / / /

  Close to basal plate 1 1 1 1 5 1 1 1
 Cutted

  Transversely
   Upper side * * 5 * 5 5 5 5
   In bending area * * 5 * / / / /

   Through style * * * * * * * *
  Longitudinally
   Upper side 1 1 1 1 1 1 5 5
   Lower side 1 1 1 1 5 1 5 1
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Sodium chloride

The application of NaCl rarely caused a style release 
(Table  4). It led to a shrinking of the style tissue 
(Video V11). In contrast to other treatments, NaCl did 
not induce a colour change in the style of Goeppertia 
zebrina (Video V8).

Temperature

The temperature experiments (Table 4) revealed quite 
variable results ranging from low (indicator value 1) to 
high sensitivity (indicator value 5). This tendency was 
observed for all species and within both, strong- and 
weak-hooded taxa to the same extend. Representatives 
of the same genus also showed a high variability in their 
style response (sensitivity), e.g., Phrynium pubinerve 
(5) and P. imbricatum (1). Both varieties of Goeppertia 
zebrina showed a colour change of the style tissue when 
samples were exposed to room temperature after freezing 
(Video V12).

Statistics

Style responses to different treatments among all species 
revealed three significant correlations (Table 5), i.e., etha-
nol/methanol (Fig. 6a), NaCl/methanol (Fig. 6b), and high 
temperature/chloroform steam (Fig. 6d). As to morphologi-
cal parameters, no significant correlations were found in the 
investigated taxa (Table 5).

Strong hooded species

Within the strong-hooded group, the following five correla-
tions were significant (Table 5): methanol/ethanol (Fig. 6a), 
heat/chloroform (Fig. 6d), chloroform/relative position of 
the basal plate (Fig. 6g), high temperature/relative position 
of the basal plate (Fig. 6j), and low temperature/height of 
the style (Fig. 6l).

Weak‑hooded species

The following correlations were identified within the 
weak-hooded group (Table 5): NaCl/chloroform (Fig. 6c), 

Table 4  Style response to 
chemical and physical tests

1–5 coded as in Table 3. Mean values for methanol and chloroform are highlighted (bold)
Cc, Calathea crotalifera; Ge, Goeppertia ecuadoriana; Gzz, Goeppertia zebrina var. zebrina; Gzh, Goep-
pertia zebrina var. humilior; Pi, Phrynium imbricatum; Pp, Phrynium pubinerve; Ss, Stromanthe san-
guinea; St, Stromanthe tonckat
# Sample size 10 (instead of 3)

Chemical and physical tests Species with

Strong hooded staminode Weak-hooded staminode

Cc Ge Gzz Gzh St Ss Pi Pp

Alcohols
 Ethanol (99%) 5 5 5 5 5 5 5 5
 Ethanol (70%) 3# 4# 1 3# 5 1 5 5
 Methanol (99%) 5 5 5 5 5 5 5 5
 Methanol (80%) 3# 5 3# 4# 3# 2# 5 5
 Methanol (70%) 3# 5 1 3# 3# 1 3# 3#

 Methanol (50%) 3# 3# 2# 2# 2# 1 4# 3#

 Methanol mean (80/70/50%) 3.00 4.33 2.00 3.00 2.67 1.33 4.00 3.67
Chloroform steam
 High 5 2# 3# 5 5 5 5 5
 Medium 2# 1 2# 5 1 1 5 5
 Low 1 1 1 4# 1 1 2# 4#

 Chloroform mean 2.67 1.33 2.00 4.67 2.33 2.33 4.00 4.67
NaCl
1 M concentration 1 2# 1 2# 1 1 2# 2#

Temperature
 −6 °C 5 3# 1 3# 1 3# 1 5
 +60 °C 3# 1 1 5 3# 4# 3# 5
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low/high temperature (Fig. 6e), NaCl/dimensions of the 
basal plate (Fig. 6f), chloroform/dimensions of the basal 
plate (Fig. 6h), high and low temperature/style proportion 
covered by the hooded staminode (Fig. 6i, k).

With respect to the two hood types, none of the mechan-
ical, chemical and physical tests showed any significant 
difference in style responses (U-test,).

Discussion

The high speed of the style movement (Claßen-Bockhoff 
1991; Kunze 1984) and the controverse style responses 
after mechanical and physico-chemical treatments 
(Claßen-Bockhoff and Heller 2008b) gave reason to inter-
pret the style movement, at least in some species, as a 
turgor movement. However, in contrast to the model of the 
Venus fly trap, style movement in Marantaceae is irreversi-
ble and tension is not set up within a single organ. It rather 
arises by the counter pressure of two synorganized organs, 
i.e., the style and hooded staminode. This construction 
does not contradict the assumption of an underlying turgor 
movement, but spotlights the possibility of a completely 
mechanical movement.

The most important findings of the present experiments 
are, first, that species with strong and weak-hooded stami-
nodes respond equally to mechanical stimulation indicating 
that they share the same underlying release mechanism. We 
found, second, that all species differ in their response to 
chemical and temperature stimuli illustrating the influence 
of species-specific material properties on style sensitivity.

Influence of species‑specific properties on style 
sensitivity

Alcohol application

The two alcohols had similar effects, i.e., they either released 
or irreversibly fixed the style. The releasing effect of high 
concentrated alcohols (99%) is most likely based on the low 
surface tension of alcohol (ethanol 22.39 mN/m, methanol 
22.45 mN/m) in comparison to water (72.80 mN/m) at 20 °C 
(Dean 1999; Harkins and McLaughlin 1925). In contrast, 
lower concentrations could also release the style by chang-
ing the mechanical properties, volume, and density of plant 
tissues (see Video V09: although the style did not release in 
this case, the video shows clear changes in the tissue).

Jerominek and Claßen-Bockhoff (2015) showed by exper-
iment that liquids with a low surface tension released the 
style by infiltration into the gap between style and hooded 
staminode. This means that the style was not released 
physiologically by membrane depolarisation, but purely 
mechanically by disconnecting both organs. Consequently, 
the species-specific style responses (sensitivities) to alco-
hols were obviously related to properties that facilitated fluid 
infiltration. The highest sensitivity appeared in Goepper-
tia ecuadoriana (Table 4), a species with a loose hooded 
staminode that was characterised by a comparatively large, 
undulate adaxial fold (Figs. 3b, 5b). In contrast, the lowest 
sensitivity (Stromanthe sanguinea) was associated with a 
very tight hooded staminode probably hampering infiltra-
tion (Figs. 3f, 5f). The high sensibility of the Phrynium spe-
cies may be caused by the tight connection of the hooded 
staminode and style. The thin gap between these structures 

Table 5  Correlation analysis

Only combinations with significant (P < 0.005) Pearson’s correlation coefficients (r) are included. hs, hooded staminode; bp, basal plate

Tested parameters Correlation tested for Scatter plot

All species Strong-hooded species Weak-hooded species

Treatment/treatment
Ethanol 70%/methanol r = 0.785; P = 0.021 r = 0.945; P = 0.055 – Figure 6a
NaCl/methanol r = 0.795; P = 0.018 – – Figure 6b
NaCl/chloroform – – r = 0.973; P = 0.027 Figure 6c
High temp./Chloroform r = 0.820; P = 0.013 r = 0.967; P = 0.033 – Figure 6d
High temp/low temperature – – r = 1.000; P = 0.000 Figure 6e
Treatment/morphology
NaCl/dimension bp – – r = 1.000; P = 0.000 Figure 6f
Chloroform/rel. position bp – r = 0.967; P = 0.033 – Figure 6g
Chloroform/dimension bp – – r = 0.973; P = 0.027 Figure 6h
High temp./coverage hs – – r = 0.989; P = 0.011 Figure 6i
High temp./rel. position bp – r = 1.000; P = 0.000 – Figure 6j
Low temp./coverage hs – – r = 0.989; P = 0.011 Figure 6k
Low temp./height style – r =  − 0.956; P = 0.044 – Figure 6l
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Fig. 6  Correlation analyses. a–e Correlations between different treatments. f–l Correlations between morphological characters and treatments. 
Regressions are indicated by solid lines
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most likely increased the capillary effect and the infiltra-
tion of alcohols in the experiment. In Goeppertia zebrina, 
alcohol application had a destructive effect on cell level. The 
style became black indicating an oxidation of phenols. These 
are stored in the vacuole and can only react with polyphe-
nol oxidases located in the plastids when the enzymes are 
released through an injury or damage of the cells (Steffens 
et al. 1994).

Decreasing the concentration of alcohols decreased the 
sensitivity of the style response in all species and even led 
to a complete loss of sensitivity (indicator for style release 
<5). Whereas Claßen-Bockhoff and Heller (2008b) and Pis-
chtschan and Claßen-Bockhoff (2008, 2010) interpreted this 
response as a proof for an underlying turgor movement, we 
here explain it with the hygroscopic capacity of alcohol. 
Water is extracted from the plant’s tissue; the style hardens 
and becomes irreversibly fixed. Consequently, the effect of 
alcohols to release or to fix the style is a function of concen-
tration and exposure time and not necessarily a proof for a 
turgor movement.

Interestingly, there is no correlation between single mor-
phological characters and style sensitivity to alcohols. This 
indicates that the effect of alcohols may depend on a mor-
phological character syndrome including relative propor-
tions, properties, and configurations of the style, hooded 
staminode and their parts.

Sodium chloride

Application of NaCl solutions did not considerably affect the 
style. The same result was found in Thalia geniculata and 
interpreted as proof for an underlying seismonastic turgor 
movement (Claßen-Bockhoff 1991). However, our time-
lapse recordings showed that the style tissue was shrinking 
by plasmolysis after NaCl application. We conclude that the 
decrease of turgor pressure in the cells causes the irrevers-
ible loss of function and that no change in membrane tension 
has to be considered. As to style release, we assume a similar 
mechanism as to methanol (Table 5; Fig. 6b). Most likely, 
the NaCl-solution infiltrated into the gap between style and 
hooded staminode and resulted mechanical disconnection.

Chloroform

Exposed to chloroform steam, the tissues of the style and 
hooded staminode became soft and lost water resembling 
the shrinking effect observed after NaCl application. In 
consequence, high concentrated chloroform steam gener-
ally induced style movement while decreasing concentration 
lowered the probability of release (Table 4).

In strong hooded species, sensitivity increased with a 
more proximal position of the basal plate (Fig. 6d) and in 
weak-hooded species with the increasing dimension of the 

basal plate (Fig. 6h). Both findings indicate that the tur-
gescence of the style-hooded staminode complex is essen-
tial for holding the style’s tension. The high sensibility in 
Phrynium species (and Thalia geniculata, Pischtschan and 
Claßen-Bockhoff 2010) might be due to the thin texture of 
the hooded staminode as tissue shrinkage directly dissolves 
the holding point between style and staminode. Goeppertia 
zebrina var. humilior, has a stiffened hooded staminode, but 
a comparable small basal plate (medium size). We assume 
that the latter easily slips off the style when the tissue is 
softening, thus explaining its high sensitivity.

Using low concentrations of chloroform steam, it was 
possible to fix the style as far as the exposure time was 
long enough. In our experiments, this happened approxi-
mately 2–5 min after exposing the styles to the steam; in 
the extremely excitable Thalia geniculata a 60-min narcosis 
with chloroform was needed to suppress style release (Pis-
chtschan and Claßen-Bockhoff 2010).

Temperature

As heat leads to a loss of water and freezing to cell dam-
age it was expected that weak-hooded staminodes would be 
more affected than strong ones. However, no clear pattern 
was found. High and low temperatures resulted in all kinds 
of response from rapid style release to a complete loss of 
mobility.

Correlation analyses indicated that chloroform and heat 
had a similar effect on tissue softening (Fig. 6d) and that the 
response to temperature was linked to the degree of cover-
age in weak-hooded species, and the relative position of the 
basal plate and height of the style in strong-hooded species. 
We assume that the ease of the basal plate to slip off the 
style and the relative tissue thickness of style and hooded 
staminode may explain the results.

The black colouration of frozen Goeppertia zebrina styles 
being exposed to room temperature again indicated a disrup-
tive effect. The extreme damage confirms previous histologi-
cal investigations (Pischtschan and Claßen-Bockhoff 2010).

No evidence for style sensitivity

Touching the style at different positions revealed low sen-
sitivities among all species which is in contrast to previous 
studies of Claßen-Bockhoff and Heller (2008b). The authors 
observed a high sensitivity in the strong-hooded Pleio-
stachya pruinosa (Regel) K. Schum. and the weak-hooded 
Hylaeanthe hoffmannii in Costa Rica. They explained this 
finding as a strong indication for the assumed turgor move-
ment. However, based on present knowledge, both reactions 
can be explained mechanically. In Pleiostachya pruinosa, 
the frontal lobe only loosely covers the stigmatic orifice and 
the small basal plate easily glides off the style. The overall 
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weak mechanical hold is associated with self-release and 
self-pollination (Ley and Claßen-Bockhoff 2012). In Hylae-
anthe hoffmannii, the style could be released when touching 
the lower side of the style and the area below the stigmatic 
orifice. These treatments directly affected the holding point 
and, therefore, resulted in style release.

Stinging into the style tissue likewise indicated no obvi-
ous style sensitivity. Goeppertia zebrina immediately 
responded with a rupture of the upper style epidermis 
(Table 3) indicating that this tissue layer is under tensile 
stress (Jerominek et al. 2018). Stromanthe tonckat responded 
with a style movement when the style was stinged close to 
the basal plate. We interpret this finding as a possible arte-
fact caused by the small size of the flower. Preparation was 
extremely difficult and often led to an undesired lift of the 
basal plate (indirect initiation).

Transverse cuttings resulted in a separation of the tis-
sue of the upper and lower side of the style. This finding 
disproves the view that style release is based on a turgor 
movement as compressive stress, i.e., a high turgor in the 
upper side pressing against the lower side (Pischtschan and 
Claßen-Bockhoff 2010), has not been confirmed by the cur-
rent experiments.

Longitudinal cuttings revealed low sensitivities in the 
strong-hooded species and ambivalent results in the weak-
hooded species (Table 3). The absence of a reaction is proba-
bly based on the orientation of the tissue tension. Tensile and 
compressive stress can only be relieved by a rupture in the 
direction opposite to the stress, i.e., by transverse cuttings. 
Style release was only observed when the cuttings affected 
the holding point. We assume that in the weak-hooded spe-
cies, the holding point was indirectly affected by the manipu-
lations which is in accordance with our observations for the 
longitudinal cuttings in the distal hood.

Diverse holding mechanisms

In the past, the hood of the hooded staminode was regarded 
to hold the style tension (Kunze 1984). However, the results 
of the present study combined with already available data 
confirm that the holding point is the most important site set-
ting up and holding style tension (Ley and Claßen-Bockhoff 
2012). The style head presses against the hooded staminode 
thereby stretching it in longitudinal direction. The movement 
of the trigger appendage deforms the hooded staminode 
and separates the style tip from the hood (Jerominek and 
Claßen-Bockhoff 2015; Ley and Claßen-Bockhoff 2012). 
The style curls upwards whereas the hooded staminode 
bends backwards. The release of mechanical tension causes 
a turgor change mediating the enormous cell expansion on 
the lower side of the style (Jerominek et al. 2018). Contrary 
to the expectation, the hood has no holding function. It most 
likely protects pollen against pollen collecting bees and/or 

facilitates secondary pollen presentation (Pischtschan et al. 
2010).

Our experiments with wilted or narcotized flowers sup-
port the holding function of the holding point. In the corre-
sponding treatments the basal plate could be lifted, moved, 
or even removed without any reaction although the style 
was still under tension and could be released by manipu-
lating the holding point. Wilting and narcotizing obviously 
caused a loss of turgor which was indicated by a decreasing 
style length. We conclude that the tension between hooded 
staminode and style was reduced and the latter only held by 
the holding point.

Additional hold is usually provided by the basal plate 
acting as counterforce to the holding point. However, we 
add two further holding mechanisms disregarded in the past: 
the swelling of the frontal lobe (Hylaeanthe hoffmannii) and 
adhesive forces (thin hooded species).

Trigger appendage and basal plate

The basal plate forms a functional unit with the trigger 
appendage in the process of pollen transfer. The trigger 
appendage makes the connection between pollinator and 
basal plate. Its diverse shape does not directly contribute to 
the style release but has evolved in concert with the diversi-
fication of the flower construction (Ley and Claßen-Bock-
hoff 2011, 2012; Pischtschan et al. 2010). Our experiments 
indicated that the function of the trigger appendage was to 
lift the basal plate which only happened when the trigger 
appendage was deflected away from the style or in proximal 
direction.

Moving, lifting, and cutting the basal plate always led 
to a release of style tension which is in accordance with 
previous studies (Claßen-Bockhoff and Heller 2008a, b). In 
Stromanthe tonckat, with a very small and laterally arranged 
basal plate, touching the basal plate resulted in its gliding 
off the style which likewise released tension. Altogether, it is 
obvious that the basal plate is involved in holding style ten-
sion. It may either induce a deformation of the hooded sta-
minode (relieving the holding point) as assumed by Claßen-
Bockhoff and Heller (2008b) or solely relieve the tension at 
the upper side of the style (lifting basal plate).

Despite its functional importance, the basal plate is not 
essential. This is indicated by species like Hylaeanthe hoff-
mannii lacking the basal plate. Moreover, our experiments 
indicate that the basal plate might only have a holding func-
tion in fully-turgescent styles.

Staminode lobes

In most species investigated so far, lobes are not directly 
involved in holding style tension. They rather protect the 
stigmatic orifice and contribute to the reduction or even 
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avoidance of self-pollination (Ley and Claßen-Bockhoff 
2012).

Cutting experiments rarely led to a style release in the 
Goeppertia species. We interpret this finding as a false posi-
tive result caused by the pressure of the razor blade against 
the hooded staminode. As the latter is only thickened along 
the midrib, deformation of the hooded staminode could not 
be avoided when cutting its appendages. This view is indi-
rectly supported by Calathea crotalifera, which has a com-
pletely stiff hooded staminode able to buffer the pressure 
(mechanical force) while cutting the appendages.

A species in which lobes directly contribute to the hold 
of style tension is Hylaenathe hoffmannii (Claßen-Bockhoff 
and Heller 2008a, b). First, the petaloid appendage of the 
monothecate anther envelops the style-hooded staminode 
complex and stabilises the functional unit mechanically. 
Second, the frontal lobe covering a large part of the style 
head has a distinct dint below the stigmatic orifice that gains 
stability by its swollen margin. This structure has been disre-
garded in the past but gains importance under the mechani-
cal release hypothesis. It has the same position as the basal 
plate in other species and compensates the loss of this hold-
ing structure. Being morphologically analogous, it has the 
same function and acts as a basal plate equivalent.

Adhesive forces

Some species with thin hooded staminodes appeared to be 
less dependent on the basal plate. The two Phrynium spe-
cies had medium-sized basal plates and overarched styles 
to which the hooded staminodes were closely attached. The 
latter were not stretched in longitudinal direction but along 
the style curvature. After release of tension, they did not 
bend backwards but relaxed in straight orientation.

This configuration of the style-hooded staminode com-
plex resembles that of Hylaeanthe hoffmannii (Fig. 2a). 
Jerominek (2015) postulated that the closely spaced organs 
are hold together by adhesive forces which increase the 
holding function. Given the dense arrangement of the floral 
structures in bud stage (Claßen-Bockhoff and Heller 2008a), 
this arrangement could represent a persisting juvenile stage, 
in which the organs do not separate from each other.

As to style release, previously conducted chemical experi-
ments (Jerominek and Claßen-Bockhoff 2015) illustrated, 
that large droplets of chloroform and 70% alcohol flew under 
the basal plate into the hood of the staminode and caused a 
mechanical release by separating the holding point between 
head and hood. Jerominek (2015), thus, concluded, that the 
release mechanism was based on an air ingress that broke 
the connection of the two organs when the trigger append-
age was deflected.

Such an adhesive mechanism is also assumed for the 
Phrynium species and further Marantaceae with thin hooded 

staminodes. It goes along with the spatial independence of 
the trigger appendage from the basal plate and its shifting to 
a more proximal position. The alternative flower construc-
tion directly influences pollination as only visitors able to 
reach the trigger can act as pollinators (Ley and Claßen-
Bockhoff 2012).

Conclusions

The present paper is the last of a series dealing with the 
evolution and functional morphology of the explosive style 
movement in Marantaceae (Claßen-Bockhoff 1991; Claßen-
Bockhoff and Heller 2008a, b; Jerominek and Claßen-Bock-
hoff 2015; Jerominek et al. 2018; Ley and Claßen-Bockhoff 
2011, 2012; Pischtschan et al. 2010; Pischtschan and Claßen-
Bockhoff 2008, 2010). It confirms that the style movement 
can be explained as a completely mechanical process. Style 
tension is primarily held by the counterpressure of style 
and hooded staminode at the holding point. The basal plate 
functions as additional holding structure particularly in spe-
cies with strong hooded staminodes. In some species with 
thin hooded staminodes, adhesive forces between style and 
hooded staminode contribute to the hold of tension. Together 
with the basal plate equivalent in Hylaeanthe hoffmannii, 
we, thus, identified three different holding mechanisms. This 
is a surprising result as previous interpretations considered 
the hood as most important holding structure (Kunze 1984) 
and favoured a turgor movement in at least some species 
with thin hooded staminodes (Claßen-Bockhoff and Heller 
2008b). These assumptions are rejected here.

Within the Marantaceae, flowers with strong and thin 
hooded staminodes evolved each requiring specific holding 
structures to assure pollen transfer. Strong hooded stami-
nodes with the basal plate as counterforce are predominantly 
found in basal clades of Marantaceae like the African Sar-
cophyrynium or American Calathea clade, whereas thin 
hooded staminodes with adhesive forces holding the tension 
appear in different derived clades (Ley and Claßen-Bockhoff 
2012; Pischtschan et al 2010). As to the present knowledge, 
this holding mode has been confirmed or assumed for the 
predominantly American Maranta clade (Hylaenanthe, 
Maranta) and predominantly Asian Donax clade (Donax, 
Phrynium, Thalia) indicating that this construction may have 
evolved several times in parallel.

Summarising, the rapid style movement in Marantaceae 
is a further example of purely mechanically released explo-
sive movements in flowers. It joins the well-known exam-
ples of explosive keel blossoms in Fabaceae (Raju and Rao 
2006; Westerkamp 1993), Hyptis (Lamiaceae, Brantjes and 
Vos 1981) and Schizanthus (Cocucci 1989), and the cata-
pult movements of pollinaria and pollen release in orchids 
(Dodson 1962) and Cornus (Edwards et al. 2005).
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The explosive style movement in Marantaceae is a fam-
ily-wide character (Andersson 1981, 1998). As the sister 
group Cannaceae has only few species, the specific pol-
lination mechanism has been considered a key innovation 
triggering speciation in the family (Kennedy 2000). How-
ever, neither mechanical isolation (Grant 1994) through 
differential pollen deposition onto the same pollinator nor 
through specific adaptations of the style-hooded staminode 
complex to certain pollinators could be confirmed (Ley 
and Claßen-Bockhoff 2010). The family rather diversified 
through geographical isolation (Ley and Claßen-Bockhoff 
2011), thereby modifying the shape of floral structures with-
out changing the pollination mechanism.

The latter is an inherited character which is most likely 
based on ontogenetic abbreviation. Considering the sister 
family Cannaceae, both families share extreme protandry 
and secondary pollen transfer to the style already in bud 
stage (Glinos and Cocucci 2011). However, whereas stami-
nodes and style separate in Cannaceae, the style is not freed 
from the hooded staminode in Marantaceae. The straight-
jacket condition results in style tension and may have trig-
gered the evolution of the explosive pollen transfer.
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