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Style head in Apocynaceae: a very complex secretory activity performed
by one tissue
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ABSTRACT

Nuptial glands are very diverse and associated with different pollination mechanisms. The greater the specifici-
ty in the pollen transfer mechanism from anther to stigma, the greater the morphological elaboration of flowers
and functional complexity of the nuptial glands. In Apocynaceae, pollination mechanisms reached an extreme
specificity, a fact that was only possible due to an extreme morphological synorganization and a profusion of
floral glands. Although these glands are of different types, the vast majority have secretory cells only in the epi-
dermis. In general, these epidermal cells produce many different compounds at the same time, and previous
studies have demonstrated that in the style head, the functional complexity of epidermis has become even
greater. Four types of style head are found in the family, which have different degrees of functional complexity
in relation to the secretion produced and pollen dispersal mechanism. The secretion is fluid in types I, II and
III, and the pollen is dispersed and adhered to the pollinator by the secretion produced by the style head. In type
IV, the secretion hardens and acquires a specific shape, moulded by the spatial constraints of the adjacent floral
organs. This evolutionary alteration is accompanied by changes in the structure and arrangement of the secre-
tory cells, as well as in pollen aggregation and position of stigma. Histochemical analysis has shown that the
secretion is mixed and highly complex, especially in the style head type IV, where the secretion, called trans-
lator, is formed by a rigid central portion, which adheres to the pollinator, and two caudicles that attach to two
pollinia. The translator has a distinct composition in its different parts. Further studies are needed to answer the
new questions that have arisen from the discovery of this highly functional complexity of the secretory tissue.
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Introduction

Most environments around the world these days are dominated
by flowering plants.! The success of angiosperms and their con-
temporary distribution are directly related to their rapid growth and
reproduction,” the latter being highly diverse, mediated by several
types of pollinators.

The interaction with pollinators, in most types of pollination, is
associated with floral rewards.>” The rewards sought by pollinators
are mostly pollen and/or nectar;>’ however, many flowers have
other types of floral rewards, such as fragrance, oil, or resin,®%!0
and others do not offer any type of reward, pollinated instead by
deceit.!! However, the pollination process (and consequent fertil-
ization of the ovules) does not involve only floral rewards. Many
other types of substances are necessary to enable the pollen
deposited on the stigma to germinate and its pollen tube to reach
the ovule inside the ovary.!? The tissue system responsible for
nourishing and guiding pollen tubes through the gynoecium is
called transmitting system.!>!3

The secretions involved from the removal of pollen from the
anther by a pollinator to the fertilization of the ovule are called
nuptial secretions. These secretions are produced by different
glands, and the greater the degree of specialization for sexual

reproduction of the species to occur, the greater the quantity and/or
degree of functional complexity of these nuptial glands.?

Apocynaceae

Apocynaceae, with an emphasis on asclepiads, stand out for
having one of the most complex pollination mechanisms among
angiosperms, which is related to a highly elaborate floral morphol-
ogy'* and numerous defensive and nuptial glands.!> Some species
of Apocynaceae have up to 11 types of glands in a single flower,
making the flowers of this family the richest in secretions among
angiosperms.'?

Despite the high number of floral glands in the family, almost
all external glands have the secretory activity restricted to epider-
mal cells, regardless of their function, as observed in glandular tri-
chome, colleter, staminal wing gland, extragynoecial compitum,
stylar canal, obturator and style head, in addition to some glands
that are often exclusively epidermal in the family, such as nectaries
and osmophores.!>!>19

This particular case reflects an evolution directly related to the
plasticity of the protodermis which, together with the emergence of
the pollinia, seems to have been mainly responsible for the high

Figure 1. Style head in Apocynaceae. A,D,F) Blepharodon bicuspidatum E. Fourn. B) Peplonia axillaris (Vell.) Fontella & Rapini. C)
Plumeria rubra L. E) Aspidosperma australe Miill. Arg. A,B) Scanning electron microscopy. C-F) Light microscopy. A) Longitudinal
section of the flower; note the style head at the top of the style. B) Detail of the translator. C) Style head with sticky secretion. D) Style
head with a rigid secretion (translator); note the guide rail that is positioned below the translator. E) Secretory epidermis composed of tri-
chomes. F) Secretory epidermis constituted of elongated palisade cells.: GR, guide rail; Po, pollinium; SH, style head; Se, secretion;

St, style; T, translator.
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radiation of the family,'*? giving rise to thousands of species dis-
tributed almost worldwide.?-??

Among the different parts of the flower having secretory tis-
sues, the style head stands out for its fundamental importance for
pollination in Apocynaceae.!>>-2

Style head

Structure and function

Usually, the stigma is located in the terminal portion of the
gynoecium, which, in the vast majority of angiosperms, corre-
sponds to the top of the style.>> However, throughout the evolution-
ary history of Apocynaceae, there was a displacement of the recep-
tive portion of the gynoecium from the terminal portion to a sub-
apical region.?>?¢ This shift is related, at least partially, to the
appearance of an expansion in the terminal portion of the style,
called style head (Figure 1A).

The style head is ubiquitous in Apocynaceae,'>?>?* and is one
of the main morphological synapomorphies of the family. It forms
from a postgenital fusion of the apices of the two carpel primordia
during flower development.'>?32” Nevertheless, the developmental
moment of the fusion is distinct in the species. The precocious for-
mation of the style head is an indication of its morphological and
functional complexity.'>!52325 In the most basal clades, style fusion

Figure 2. Style head in Apocynaceae. A,C) Aspidosperma australe
Miill. Arg; style head type 1. B,D) Plumeria rubra L.; style head
type 2. Ov, ovary; SE, secretory epidermis; S, stigma; SH, style
head; St, style.

is late and occurs in intermediate phases of flower develop-
ment.2*? On the other hand, fusion is precocious in the most
derived clades and occurs in the beginning of gynoecium develop-
ment.'>25 After the fusion of styles, the apical portion expands and
differentiates a secretory epidermis that will release a sticky secre-
tion (Figure 1 B-F), responsible for helping the pollen transfer
from anther to stigma.!%15.23.25.29.30

The structure and function of the epidermis of the style head
(Figure 1 E,F), as well as its modifications throughout the evolu-
tionary history of the family, are directly linked to a complex pol-
lination mechanism that is unique among ecudicots. Fallen??
described four morphological types of style head (Figures 2 and 3).
These types are mostly related to the complex secretory system of
the epidermis that covers it.

In type I (Figure 2A), the entire secretory surface is also stig-
matic, formed by trichomes that produce a viscous fluid for pollen
transfer/capture and also act as a receptive surface (Figure 2C). In
this type of style head, pollen deposited on any portion of the
secretory surface can germinate and the pollen tubes penetrate the
gynoecium.

In type 1I (Figure 2B), there is a spatial and functional separa-
tion of the specialized cells of the epidermis. The stigma is dis-
placed to a basal portion of the side of the style head, while the
remaining body is retained, the only function of which is to pro-
duce a secretion for pollen transfer (Figure 2D). This separation of
functions alters the flower pollination mechanism and the location
of pollen deposition on the style head. In type 11, the style head has

N

Figure 3. Style head in Apocynaceae. A,C) Mandevilla tenuifolia
(J.C. Mikan) Woodson; style head type 3; note the cell projection
(retinaculum) that fuses the anther base to style head. B,D)
Blepharodon bicuspidatum E. Fourn; style head type 4; note the
adnation between androecium to gynoecium (retinaculum) and the
stigmatic chamber, where the pollinium will be inserted. An, annu-
lus; At, anther; Ov, ovary; R, retinaculum; S, stigma; SC, stigmatic
chamber; SE, secretory epidermis; SH, style head; St, style.
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often an upper ring of long trichomes, which helps to isolate the
pollen storage region from the region where the adhesive secretion
is produced. The secretory region is composed of trichomes pro-
ducing lipids and mucilage and occupies the main portion of the
style head. The stigmatic region is located at the base of the style
head and has non-secretory trichomes (Figure 2D).

In type III (Figure 3A), the structure of the secretory epidermis
and stigma is very similar to that of type II. However, it is possible
to observe a compartmentalization of the sites where secretion pro-
duction occurs and the site of pollen deposition. This compartmen-
talization is due to a spatial restriction generated by adnation
between the androecium and gynoecium, forming the gynostegium
(Figure 3A). In this type of style head, as in the previous ones, the
secretory epidermis is constituted of trichomes (Figures 3C and
4A), which all produce lipids and mucilage. The evolutionary nov-
elty of this type of style head is that its base projects downwards,
forming an annulus (Figure 3 A,C) which is related to the mecha-
nism of pollen removal from the pollinator. When the pollinator
retracts the proboscis after collecting the nectar at the bottom of the
floral tube, the annulus scrapes it, retaining the pollen under the
style head. In this type of style head, the stigma has moved a little
more and is located from the side of the annulus to the inferior sur-
face of the style head, the exact position where the pollen is accu-
mulated (Figure 3C). The receptive surface is also formed by non-
secretory cells.

The main histological alteration occurs in the type IV (Figure
3B), where the secretory epidermis is now formed by elongated
palisade cells (Figures 1F and 3D) and the secretion, which is fluid
in the other types of style head, now takes on a rigid consistency
and form, called a translator (Figures 1B and 4B). For this signifi-
cant evolutionary alteration to occur, a series of functional changes
were necessary. In type IV, the epidermis has different cells pro-
ducing different amounts of secretion with different composition in
a synchronized manner (Figure 4 C-F). The secretion, after being
released to the outside, hardens and takes a specific shape (Figure
1B). Different cells are activated at different times, and their
metabolism is distinct from each other, even though they are all
contiguous. The translator takes on a certain shape, moulded by the
spatial constraints of the floral parts that are adjacent to the secre-
tory portion (Figure 4 E,F). In this type of style head, the stigma
moves further downwards and is observed almost entirely on the
style, below the style head (Figure 3D). The receptive surface is
formed by non-secretory cells.

Style head evolution

The style head type I is morphologically the simplest type and
was the first to appear in the evolution of Apocynaceae, found only
in the most basal species in the tribe Aspidospermateae (Figure
5).3! In these species, the epidermis of the style head has a dual
function: production of secretion for pollen transference and recep-

Figure 4. Style head in Apocynaceae. A) Taubernaemontana catharinensis A.DC; note pollen, inside the anther, as monads. B-F)
Blepharodon bicuspidatum E. Fourn. B) Pollinarium composed of translator and two pollinia. C-F) Translator morphogenesis, beginning
with the secretion of the ledges and flanks of the corpusculum (C), followed by the secretion of corpusculum floor and caudicles (D,E).
F) Striations of the corpusculum correspond to the secretion of each epidermal cell. At, anther; Ca, caudicle; F, flank; F1, floor; L, ledge;

P, pollen; Po, pollinium; SH, style head; T, translator.
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tive surface. Type Il appeared in the sequence and is found in the
other lineages of the rauvolfioid grade. The epidermis is also com-
posed of trichomes, but the secretory trichomes are only responsi-
ble for producing the secretion involved in pollen transfer, with the
stigma restricted to the basal portion of the style head (Figure 5).
Type 111 evolved in the apocynoid grade and shows a small special-
ization in relation to the position of the stigma at the base of the
style head under an annulus (Figure 5), although the structure and
function of the secretory epidermis is similar to that of type II. On
the other hand, the epidermis of the style head type IV is structural
and functionally distinct from that of the others. The rigid secretion
(translator) has a specific shape. The translator has a very constant
morphology in each taxon and has been used to classify the genera
at tribal and/or infratribal levels.'>243? Its different parts are associ-
ated with its function. In general, there is a portion that will adhere
to the pollinator, and another portion that will adhere to pollen.
This type of style head is found in the most derived subfamilies:
Periplocoideae, Secamonoideae and Asclepiadoideae (Figure
5),!21533-35 the last being the most diverse clade with more species
than the rest of the family combined.’® The early formation of the
style head in these derived clades is directly related to the high
complexity of their secretory activity, which begins early in floral
development.'>!3

Pollen aggregation and pollinating apparatus

All these evolutionary alterations in the style head occurred
concomitantly with profound changes in floral synorganization
and distinct degrees of pollen aggregation, forming several types

agepress

of pollen dispersal units. In species with style head types I, II and
111, in which the secretion is fluid (Figure 1C), pollen is dispersed
individually in units called monads (Figure 4A), eventually in
tetrads.?*373% Type IV evolved in the clades Periplocoideae and
Secamonoideae + Asclepiadoideae. In Periplocoideae, the transla-
tor carries the pollen aggregated in tetrads or massulae (“loose
pollinia”) on a large spoon-like part.?*373% The occurrence of sec-
ondary pollen presentation in this subfamily (i.e., the relocation of
pollen onto organs other than anthers) is directly related to the
shape of its translator, in which the pollen is shed before floral
anthesis.?*3337 In the subfamilies Secamonoideae and
Asclepiadoideae, pollen reaches the maximum degree of aggrega-
tion, forming pollinia (Figure 4B).!21524253037 Iy the pollinium, all
grains formed in a pollen sac remain together and cohesive in a sin-
gle unit. To be able to transfer this entire set of pollen, the epider-
mis of the style head reached the maximum of specialization and
functional complexity of a secretory tissue.

The translator in Asclepiadoideae is formed by a rigid, clip-
shaped central region, called corpusculum, and two lateral exten-
sions that attach the corpusculum to pollinia, called caudicles
(Figure 4B).1215:24253033.3437

The translator is initially secreted by some cells that form the
ledges of the corpusculum. Then, other cells are activated and
begin to secrete the flanks of the corpusculum (Figure 4C). In
some species, these two halves, initially free from each other, are
held in position by a secretion that stabilizes them, called
ligament.!>* After the formation of both parts, cells in another
position secrete the floor, uniting the halves and completing the

uvolfioid - Aspidosg

Type 1

Other Rauvolfioids

Type 11

Rauvolfioid - Carisseae !

—-Q Other Apocynoids

Apocynoids - EOM

()

Type 111

Apocynoids - Apocyneae

L
Type IV

Apoeynoid - Baisseeae

Type 11

()

—— Secamonoideae

Type IV

Asclepiadoideae

Figure 5. Simplified phylogenetic tree of Apocynaceae. Schematic drawings illustrate the type of style head found in the different clades, high-
lighting the stigma in blue, secretory epidermis in red and secretory epidermis + stigma in violet. Phylogenetic tree based on Fishbein ef al.’!
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formation of the corpusculum (Figure 4D). At the same time, cells
further away from this region begin to produce the caudicles
(Figure 4 D,E). Unlike the corpusculum, the entire caudicles are
secreted simultaneously by the cells. It is possible to verify each
portion of secretion produced by each cell, aligning the corpuscu-
lum striation with the cells of the secretory tissue (Figure 4F).
After the end of translator secretion, the anthers open in an apical
region close to the end of the caudicle, and upon contact of each

pollinium with the respective caudicle, they adhere to each other
(Figure 4B), forming the pollinarium (translator + pollinia). When
the pollinator visits the flower to collect nectar, it attaches its pro-
boscis or legs to the slit of the corpusculum, like a clasp, and
removes the entire pollinarium from the flower. When collecting
nectar from another flower (or, in some cases, the same flower), it
inserts the pollinarium or part of it into the stigmatic chamber,
whose opening is located immediately below the style head, where

Figure 6. Flowers of Apocynaceae. A) Aspidosperma australe Mill. Arg. Tubular flower. B) Blepharodon bicuspidatum E. Fourn. Flower
showing a cup-shaped corona (nectar holder). At, anther; Co, corona; SH, style head.

R i z}""::!'-

Figure 7. Histochemistry of the translator of Blepharodon bicuspidatum E. Fourn. A-C) Lipids identification with Sudan black B (A), Sudan
IV (B) and Nile blue (C). D) Fatty acids detected using copper acetate and rubeanic acid.
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the stigma is located (Figure 3D).25:26:3040

This complex pollination mechanism is only possible due to a
series of morphological modifications that occurred during the
evolutionary history of Apocynaceae, such as changes in the secre-
tory epidermis of the style head, position of stigma, formation of
the gynostegium, in addition to several floral parts associated with
directing the pollinator to the correct region for pollen removal and
deposition, such as trichomes, nectar holders and corona.!”-%30

Style head secretion and pollination

The secretion produced by the style head was fundamental in
the evolution of Apocynaceae since it is related to elaborate polli-
nation mechanisms. Perhaps the key innovation for the family’s
reproductive success and increase of the morphological elabora-
tion was the emergence of the style head with its peculiar secretory
activity. Although the style head that first appeared is located at the
apex of the style and corresponds to the stigma, as observed in
most families, its function is far from a usual stigma.

Stigmas can be secretory, called wet stigma.*! Thus, the stigma
in Aspidospermateae occupies the expected position in any flower

! 4
2
0L o ot
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and produces a secretion, like all wet stigmas. However, this secre-
tion differs from the secretions of those stigmas. It is much more
viscous, mainly formed by lipids. Due to this distinct composition,
the secretion of the style head/stigma in this tribe not only has the
function of capturing the pollen brought by the pollinator and stim-
ulating its germination*! but also helping the pollen dispersal of its
own flower. The flowers with style heads of types I, I and III are
tubular flowers (Figure 6A) that usually produce nectar at the bot-
tom of the floral tube.?>?4374243 These three types of style head pro-
duce secretions that are fluid, lipid-rich, and highly viscous
(Figures 1C and 2B). After the pollinator collects nectar at the bot-
tom of the floral tube, it retracts the proboscis, which initially pass-
es through the style head, where the secretion smears it. When the
proboscis passes through the anthers, the pollen grains adhere to
the secretion present on the proboscis. When the pollinator collects
nectar from another flower, the proboscis is again smeared with the
secretion; when the proboscis is retracted, the pollen is left on the
lateral portion of the style head, removed by the stigmatic cells
themselves (or annulus) in types II and III of style heads.

In flowers containing style head type IV, nectar may be pro-

Figure 8. Histochemistry of the translator of Blepharodon bicuspidatum E. Fourn. A) Polysaccharides detected by PAS reaction. B,C) Mucilage
stained with ruthenium red (B), and tannic acid and ferric chloride (C). D) Proteins identified with aniline blue black. E,F) Phenolic compounds

detected using ferric chloride (E) and autofluorescence under UV (F).

[European Journal of Histochemistry 2024; 68:4027]
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duced in different regions. The place where nectar is presented to
the pollinator (nectar holder; Figure 6B) compels the insect to
insert the proboscis or leg into a slit formed by lateral projections
of the stamen, called a guide rail (Figure 1D).!” In this location, the
pollinator becomes trapped and can only be released through an
inward and upward movement. When the pollinator does this, its
proboscis (or leg) attaches to the slit of the corpusculum and the
entire pollinarium is removed from the flower. When collecting
nectar from another flower, the same pollinator movement will
insert the pollinarium carried on the proboscis (or leg) into the stig-
matic chamber (Figure 3B) behind the guide rail.!7:24253044 This
chamber produces nectar (Figure 3D) that stimulates pollen germi-
nation, and pollen tubes grow in the secretion towards the stig-
ma.12,17,45

Secretion composition

The highly functional complexity of the secretory epidermis,
perfectly synchronized with floral development during translator
morphogenesis, is also noteworthy in its chemical composition.

The fluid secretion produced by style heads type I, Il and 111 is
basically composed of lipids and mucilage. Translators are also
composed mainly of these two types of compounds (Figures 7 and
8),!21546-48 put phenolic compounds and proteins have also been
reported (Figure 8 D-F).'2154 However, these compounds are not
homogeneously distributed throughout the translator (Figure 8F).
The corpusculum often has a composition and rigidity significantly
different from those of the caudicles.'>*® While the corpusculum
has a large amount of proteins and phenolic compounds, they are
present in low quantities, heterogeneously distributed along the
caudicles (Figure 8 D-F).

In relation to lipids, the composition of the corpusculum and
caudicles may be similar, as observed in Blepharodon (Figure 7),
or may differ, as observed in Asclepias, Matelea, Peplonia and
Oxypetalum, in which the corpusculum has a large amount of fatty
acids, while the caudicles have neutral lipids.'> This difference
may be related to the movement of the caudicles after pollinarium
removal from the flower, as observed in some species. During the
pollinator’s flight while carrying the pollinarium, the caudicles
lose water and change their conformation. In this way, the pollinia
change their position, facilitating their insertion into the stigmatic
chamber of the other flower visited by the insect.?>30354450 This
movement of the caudicles does not always happen,* and, possi-
bly, the composition difference between corpusculum and caudi-
cles needs to be investigated case-by-case.

Future perspectives

Apocynaceae reached the highest degree of functional com-
plexity of a secretory tissue. The occurrence of secretory epidermis
as the only secretory tissue of the most external glands of the fam-
ily may be related to the increased metabolic complexity of the
stigmatic cells in Aspidospermateae and its consequent derivation
in the other types of style head. The use of histochemistry allowed
us to discover temporally and functionally distinct cellular activi-
ties in the same tissue and has opened up a new universe of ques-
tions about secretory activity in plants. Further studies are needed
to answer how the compounds are distributed along the translators
and which subcellular changes occurred in the secretory cells that
triggered such changes in the secreted product. However, it is only
the first step towards understanding the evolution of this tissue that
allows the dispersal of large quantities of pollen at once (pollini-
um), an unparalleled case in eudicots that can only be compared to
the pollination mechanisms of orchids.
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Description of procedures

Plant material

Floral buds and mature flowers of Aspidosperma australe
Miill. Arg., Blepharodon bicuspidatum E.Fourn., Mandevilla
tenuifolia (J.C. Mikan) Woodson, Peplonia axillaris (Vell.)
Fontella & Rapini, Plumeria rubra L. and Tabernaemontana
catharinensis A.DC. were fixed in formalin, acetic acid and alco-
hol (FAA) for 24 h’' or buffered neutral formalin in 0.1M sodium
phosphate buffer (pH 7.0)3 for 48 h, being subsequently stored in
70% ethanol.

Scanning electron microscopy

Flowers fixed in FAA were dehydrated in a graded ethanol
series, critical point dried with CO,, mounted on aluminum stubs,
and coated with gold using a Balzers SCD-050 sputter coater
(Balzers, Liechtenstein). Observations were carried out in a Zeiss
Sigma VP scanning electron microscope (Carl Zeiss, Oberkochen,
Germany).

Histological analysis

Fixed flowers were dehydrated through a tertiary butyl alcohol
series,’! embedded in Paraplast (Leica Microsystems Inc.,
Heidelberg, Germany), and serial sectioned at 12 um thickness on
a Leica RM2145 rotary microtome. Longitudinal and transverse
sections were stained with either Flemming’s triple stain®! or Astra
blue and Safranin.> The slides were mounted with Permount resin
(Fisher Scientific, Pittsburgh, PA, USA).

Histochemistry

The main chemical classes of compounds in the secretion were
detected using the following histochemical tests: Sudan black B
and Sudan IV for lipids,** Nile blue for acidic and neutral lipids,**
copper acetate and rubeanic acid for fatty acids,’®” ferric chloride
for phenolic compounds,®' Aniline blue black for proteins,*® peri-
odic acid-Schiff’s (PAS) reaction for carbohydrates,” Ruthenium
red for acidic mucilage® and tannic acid and ferric chloride for
mucilage.®! Autofluorescence under UV was also used for detec-
tion of phenolic compounds.®> All observations and photographs
were performed using a Leica DMLB light microscope equipped
with an HBO 100 W mercury vapor lamp and a UV filter block
(excitation filter BP340-380, dichromatic mirror RKP400, sup-
pression filter LP425). The procedures of all tests were carried out
according to Demarco.®
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