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Abstract

Different breeding systems occur in the Gardenieae complex (Rubiaceae), from homoecy to dioecy which is present in two
tribes, Gardenieae and Cordiereae. As part of a broad project focused on the reproductive anatomy of the species of these two
tribes, we described the structural and functional differences of the gynoecium in the different floral morphs and determined
the degree of gynoecium development in the staminate flowers. We conducted a comparative anatomical study focused on the
gynoecium of one homoecious species (Tocoyena formosa, with perfect flowers) and three dioecious species (Genipa ameri-
cana, Randia calycina, and Randia heteromera) of Gardenieae and one dioecious species (Cordiera concolor) of Cordiereae.
The dioecious species have flowers that are morphologically perfect and functionally unisexual. Flowers in successive stages
of development were collected, photographed, and fixed in formalin-acetic acid-alcohol. The material was examined using
light microscopy and scanning electron microscopy. The anatomy of the ovary, style, and stigma was analyzed, and mega-
sporogenesis and megagametogenesis were studied. The results achieved in this study, together with previously obtained data
of the androecium, show that dioecy originated from homoecy in these species, since the unisexual flowers conserve some
characteristics of the perfect flowers. In addition, a new type of ovule for the Rubiaceae family is described.
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Introduction

The Rubiaceae family presents a great variety of floral
mechanisms for sexual reproduction, characterized by dif-
ferent types of organization of the gynoecium and androe-
cium (Castro et al. 2008). Robbrecht (1988) recognized three
main mechanisms: (1) heterodistyly, (2) secondary pollen
presentation, and (3) flower unisexuality. Each mechanism
is generally associated with a group of the Rubiaceae:
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Heterostyly commonly occurs in the subfamily Rubioideae,
in particular in species of the tribes Spermacoceae (formerly
Hedyotideae) and Psychotrieae; secondary presentation of
pollen on the style is generally observed in the subfamily
Cinchonoideae sensu lato, including Gardenieae and related
tribes; and flower unisexuality is present in ca. 10% of the
Rubiaceae genera belonging to the two subfamilies, even
occurring in groups with stylar presentation of pollen (Rob-
brecht 1988).

The tribe Gardenieae DC. was originally described by
De Candolle (1830) and diagnosed by having large flowers,
multiovulate bilocular ovaries, and indehiscent fruits with a
fleshy mesocarp. The tribe comprises 33 genera, very diverse
morphologically in aspects such as corolla aestivation or the
type of placentation. This classical concept of the tribe has
been strongly modified in recent years, based on molecular
and morphological studies. Many of the genera included
by Candolle are now distributed in 13 currently accepted
tribes. Schumann (1891) proposed the first infratribal clas-
sification based mainly on floral features, recognizing four
subtribes: Eugardeniinae, Cordierinae, Bertierinae, and
Hamelinae. This classification was later rejected by numer-
ous authors, but some groups have currently been recovered
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as monophyletic taxa (e.g., Cordierinae as tribe Cordiereae).
The most important morphological work in Gardenieae was
conducted by Robbrecht and Puff (1986) who recognized
two subtribes, Diplosporinae with seven genera restricted
to Africa, and the Pantropical subtribe Gardeniinae, next to
some allied tribes, such as Pavetteae, Coffeeae, and Hypo-
bathreae. Persson (2000) carried out the first molecular phy-
logeny of Gardenieae. He revealed that the subtribal classifi-
cation proposed by Robbrecht and Puff (1986) was artificial,
and he united their subtribe Diplosporinae with their Cof-
feeae. The tetrad group sensu Robbrecht and Puff (1986)
was also recovered as monophyletic; however, it should also
include some genera with monad pollen grains (e.g., Rosen-
bergiodendron Fagerl., Sphinctanthus Benth., and Tocoyena
Aubl.). Persson (2000) named the latter as the Randia clade,
later renamed as the Randia group.

Fig. 1 Morphology of flowers. a—c¢ Tocoyena formosa. a Flower. b
Surface view of the stigma. ¢ Longitudinal section of the ovary. d-k
Cordiera concolor. d—g FPF. e Longitudinal section of the flower.
f Stigma. g Staminodium. h-k FSF. i Longitudinal section of the
flower. j Stigma. k Anther. 1-q Genipa americana. I-n FPF. 1 Flower
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Recently, Mouly et al. (2014) redefined the circumscrip-
tion of Gardenieae based on a broad molecular sampling
and accepted four tribes in a “Gardenieae-Pavetteae clade”:
Pavetteae (mainly paleotropical genera), Cordiereae (neo-
tropical; with 12 genera of which Cordiera A. Rich. is stud-
ied here), Sherbournieae (the only tropical African genera),
and Gardenieae s.s (pantropical; with some 50 genera). In
the latter tribe, they identified five clades: Gardenia group
(including Genipa L studied here), Rothmannia group, Aidia
group, Porterandia group, and Randia group (with Randia
and Tocoyena studied here). A further elucidation of the neo-
tropical element in the Randia group was recently provided
by Borges et al. (2021) which confirmed the monophyly of
Tocoyena studied here, but demonstrated that the genus Ran-
dia, as presently circumscribed, is polyphyletic.

In the Gardenieae complex, there are homoecious (her-
maphrodite), monoecious, and dioecious species in the tribe

with exposed stigma. m Longitudinal section of the ovary. n Stami-
nodium. o—q FSF. p Longitudinal section of the rudimentary ovary.
q Anther. Scales: a=1 cm; b, p=2 mm; c—e, h-i, n, q=1 mm; f-g,
k=0.5 mm; j=0.1 mm; l-m, 0=5 mm
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Gardenieae, but only dioecious species in the Cordiereae
(Mouly et al. 2014). In species of the Rubiaceae with uni-
sexual flowers, the staminate flowers often have a pistillode
similar to the gynoecium of the pistillate flowers with an
empty ovary, and the pistillate flowers have staminodes with
empty and smaller anthers (Robbrecht 1988). Recently, we
studied the androecium in different South American spe-
cies of the Gardenieae complex (Judkevich et al. 2020, in
press), including one homoecious species Tocoyena for-
mosa (Cham. & Schltdl.) K.Schum. with perfect flowers
(PF) and four dioecious species with functional staminate
flowers (FSF) and functional pistillate flowers (FPF): Cordi-
era concolor (Cham.) Kuntze, Genipa americana L., Ran-
dia calycina Cham., and Randia heteromera Judkevich &
R.M.Salas. In this study, it was observed that the androecium
of PF and FSF presents a similar structure; however, in FPF,

the androecium has sterile anthers with different degrees of
pollen development depending on the species. While in C.
concolor and R. calycina the pollen development stops at the
tetrad stage, in G. americana, it occurs at the meiosis stage
and in R. heteromera at the microspore mother cell stage.
The gynoecium of Rubiaceae has very constant charac-
teristics: the ovary is small and generally bicarpellate, there
is generally one style, and the number of stigmatic branches
corresponds to the number of carpels (Robbrecht 1988). In
addition, the surface of the stigma may have folds, ridges,
or hairs that play a role in the secondary presentation of
the pollen (Robbrecht 1988; Puff et al. 1996). As for the
type of placentation in Rubiaceae, the most frequent is the
axile (Robbrecht 1988). The insertion of the axile placentas
is variable; they may be inserted entirely along the septum
or only in one part: at the apex, in the middle region, or at

Fig.2 Morphology of flowers of Randia. a=j R. calycina. a FPF. b
Surface view of the stigma. ¢ Lateral view of the stigma. d Longi-
tudinal section of the ovary. e Staminodium. f FSF. g Surface view
of the stigma. h Lateral view of the stigma. i Longitudinal section of
the rudimentary ovary. j Anther. k-t R. heteromera. k FPF. 1 Surface

view of the stigma. m Lateral view of the stigma. n Longitudinal sec-
tion of the ovary. o Staminodium. p FSF. q Superficial view of the
stigma. r Lateral view of the stigma. s Longitudinal section of the
rudimentary ovary. t Anther. Scales: a, f, k, p=5 mm; b-d, g-i, I-n,
g-s=1 mm;e, j, 0, t=0.5 mm
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the base of the septum (Robbrecht 1988; Groeninckx et al.
2007). Hallé (1967) recognized three types of placentation
for the species that are currently found in the Gardenieae
complex: (1) typical parietal; (2) typical axile, in which the
differentiation of the ovules occurs when the proliferation
of the placenta is complete and the ovules are superficial to
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Fig.3 Cross section of the ovary wall. a-d T. formosa. e-h C. con-
color. i-1 G. americana. m-p R. calycina. q—t R. heteromera. a, d,
h—j, m—p, s Portion of the ovary wall (i external portion, j inner por-
tion); in 7. formosa and R. calycina, the trichomes have been removed
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the placenta; and (3) diffuse placentation, a variant of axile
placentation, with the proliferation of the placenta continu-
ous and occurring at the same time as the differentiation of
the ovules so that the ovules are immersed in the placenta.
The structure of the ovule in angiosperms is determined
mainly by their curvature, the thickness of the nucellus,

for histological sections. b—¢, f, 1, n, r Detail of the external epider-
mis with trichomes. e, k, q Detail of the external epidermis with sto-
mata. g Idioblast with druse. Scales: a, i—j, m, o—p, s=100 um; b, d,
h=50 pm; ¢, e-f, k-1, q, r=20 pm; g, n=10 pm
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and the number of integuments (Endress 2011). In the
Rubiaceae, the first author to study ovule structure was
Schleiden (1837), who described the ovule without any
integuments; Lloyd (1899) demonstrated the presence of
a single integument; and Fagerlind (1937), who made the
most extensive study of the family, classified the ovules
in six types, taking account of the number of archespo-
rial cells and the form of the nucellar epidermis; in addi-
tion, he postulated evolutionary relations between these
types. Later studies expanded the number of ovule types
to 12 (Galati 1991; Mariath and Cocucci 1997; De Toni
and Mariath 2008, 2010; Figueiredo et al. 2013b, 2017).
In recent years, more studies on ovule development have
been conducted in different tribes of the Rubiaceae family
(De Toni and Mariath 2004, 2008, 2010; Li et al. 2010;
Figueiredo et al. 2013a,b; Florentin et al. 2016; Figueiredo
et al. 2017; Romero et al. 2021). However, De Toni and
Mariath (2008) emphasized that the knowledge of ovule
differentiation in the Rubiaceae remains fragmentary and
there is only data for some isolated genera. For the very
large Gardenieae complex, Hallé (1967) described the
ovules as anatropous with a single integument; however,
apart from our own abovementioned work, recent studies
of the embryology of dioecious species in the Gardenieae
complex are not known. So far, the only two studies of the
Rubiaceae describing the differentiation of the megagame-
tophyte in dioecious species are on Mussaenda pubescens
W.T. Aiton (tribe Mussaendeae; Li et al. 2010) and Cepha-
lanthus glabratus (Spreng.) K. Schum. (tribe Naucleeae,
Romero et al. 2021).

Continuing our studies of the reproductive system in the
Gardenieae complex (Judkevich et al. 2020, in press), the
objectives of this paper are as follows: (1) to compare the
structure of the gynoecium between one homoecious and
four dioecious species of the Gardenieae complex and (2)
to identify the degree of development of the gynoecium
in staminate flowers. For this purpose, different parts of
the gynoecium (ovary, style, and stigma) were analyzed
anatomically.

Material and methods

Mature flowers and flower buds were analyzed from one
species of the tribe Cordiereae, Cordiera concolor, and four
species of the tribe Gardenieae, Genipa americana, Randia
calycina, Randia heteromera, and Tocoyena formosa. The
material was collected and photographed in the field and pre-
served in formalin-acetic acid-alcohol (5 mL formalin, 5 mL
acetic acid, and 90 mL 70% ethanol). Voucher information
is in the Appendix.

Observations were made with a stereoscopic microscope
(SM), light microscope (LM), and scanning electron micro-
scope (SEM). Digital images of fresh and fixed material of
the stigma were made with a stereoscopic microscope Leica
MZ 6.

For LM analysis, the ovaries and style/stigma of 1015
flowers and flower buds of each species and of each flo-
ral morphotype were removed. The dissected material was
dehydrated in an ascending series of alcohol and embed-
ded in paraffin (Johansen 1940; modified by Gonzalez
and Cristébal 1997). Serial transverse and longitudinal
Sects. (12 pm) were made using a Microm HM350 rotary
microtome (Microm International, Walldorf, Germany). The
sections were stained with safranin and Astra blue (Luque
et al. 1996) and mounted in synthetic Canada balsam. Obser-
vations and digital images were made using a Leica DM
LB2 (Leica Microsystems) light microscope equipped with
polarized filters and a Leica DATA digital camera.

For SEM, the style/stigma of five mature flowers of each
species and of each floral morphotype were taken from the
fixed flowers. These floral pieces were then dehydrated in an
increasing acetone series and then critical point dried using
liquid CO, (Denton Vacuum, DCP-1, Pleasanton, NJ) and
sputter-coated with gold—palladium (Denton Vacuum, Desk
II, Pleasanton, NJ). The samples were analyzed with a Jeol
LV 5800 (JEOL, Tokyo, Japan) at 10 kV in the Service of
Electron Microscopy facility at the Universidad Nacional
del Nordeste.

Results

Tocoyena formosa is a species with perfect flowers,
whereas Cordiera concolor, Genipa americana, Randia
calycina, and R. heteromera have unisexual flowers and
are dioecious.

From a morphological point of view, the flowers in all
the species analyzed have both sexual whorls well-devel-
oped (Figs. 1 and 2). An inferior ovary, one style, and a
stigma form the gynoecium. The androecium is composed
of anthers attached to the corolla tube by short filaments.
Whereas in Tocoyena formosa, a homoecious species
(Fig. 1 a-c), both whorls are functional, in the other dioe-
cious species only one whorl is functional so the flowers
are functionally unisexual.

In the PF FPF flowers (Figs. 1d,]1 and 2a,k), the gynoe-
cium was formed of an inferior ovary (Figs. le,m and
2d,n) with fully developed ovules and a receptive stigma
(Figs. 1f,1 and 2b,m). In FSF (Figs. 1h,o and 2f,p), the
gynoecium was formed of a small ovary (Figs. 1i,p and
2f,p) without any ovule formation, at most with some
parenchymatic bodies, and the stigma is adapted to
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«Fig. 4 Placentation. a—c T. formosa, PF. d-g C. concolor (d—f FPF;
g FSF). h-k G. americana (h=j FPF; k FSF). I-o R. calycina (I-n
FPF; o FSF). p-s R. heteromera (p—r FPF; s FSF). a, d, h, 1, p Lon-
gitudinal section of the ovary at the level of the placenta. b, e, i, m,
q Placenta removed with the ovules. ¢, f-g, j-k, n—o0, r—s Cross-sec-
tion of the ovary at the level of the placenta. ¢, f, n, r Diffuse axile
placentation. j—k Typical axile placentation. g, k, 0, s Rudimentary
placentas in transection, without ovules. Abbreviations: pl=placental
tissue; ov=ovule; ru=rudiment of ovule. Scales: a-b, d, h—i, I-m,
p-q=1 mm; e=0.5 mm; ¢, f-g, j-k, n—o0, r—-s =100 um

presenting pollen on its surface (Judkevich et al. 2020,
in press; Figs. 1j,0 and 2g—h,q—r). The ovary in the FPF
is noticeably more voluminous than in the FSF (except
for Genipa americana with very similar ovaries in the
two floral types; in the FSF of this species, the volume of
the parenchymal bodies is similar to that occupied by the
ovules in the FPF).

In the PF and FSF, the androecium contains sta-
mens with fully developed anthers that produce pollen
(Figs. 1k,q and 2j,t), while in the FPF, the androecium con-
sists of staminodes with smaller empty anthers (Figs. 1g,n
and 2) as described by Judkevich et al. (2020, in press).

The anatomy of the different parts of the gynoecium
is detailed below in a comparison between species and,
unless clarified, in both floral types.

Ovary

In all analyzed species and types of flowers, the ovary is
inferior and is surrounded by the remaining anthophylls

inserted on the floral tube. The descriptions were made in
cross section (Fig. 3).

Epidermis

The external epidermis corresponds to the outer layer of
the floral tube and has stomata (Fig. 3e,k,q). There are
simple, multicellular, uniseriate, and lignified trichomes
in T. formosa (Fig. 3b—c) and unicellular and lignified tri-
chomes in C. concolor (Fig. 3f), G. americana (Fig. 31), R.
calycina (Fig. 3n), and R. heteromera (Fig. 3r). The inter-
nal epidermis presents smaller cells, delimits the locules,
and lacks trichomes.

Mesophyll

The mesophyll strictly corresponds to the wall of the infe-
rior ovary and the extra-gynoecium parts (Figs. 3a and
9d,h—j,m—p,s). The external zone is vascularized, occu-
pying almost the entire thickness of the mesophyll and is
formed of polygonal cells; the internal zone is formed of
a few layers of elongated cells arranged tangentially and
has no vascular bundles. In all species, the inner zone has
several cycles of collateral vascular bundles with abun-
dant ramifications. The external bundles correspond to
the floral tube and the internal bundles correspond to the
carpels.

In C. concolor, the mesophyll presents abundant idi-
oblasts with randomly distributed tannin (Fig. 3d,h). In
T. formosa and G. americana, some tanniniferous cells

Fig.5 Ovule. a Tocoyena formosa. b Genipa americana. Abbreviations: em=embryo sac, Ep=epidermis of integument, in=integument,

mi=micropyle, pl =placenta. Scale: 50 um
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«Fig. 6 Megasporogenesis and megagametogenesis. a, d—f, i-k G.
americana. b—c R. heteromera. g R. calycina. h C. concolor. 1 T.
formosa. a Meristematic layers. b Ovule primordium. ¢ Ovule pri-
mordia with archesporial cell. d Megaspore mother cell. e Diade. f
Tetrad. g Linear tetrad with collapsed cells near the micropyle. h—i
Immature gametophyte. j—-k Mature embryo sac with starch grains
in central cell. 1 Mature embryo sac with starch grains observed with
polarized light at right side (arrowhead indicates filiform apparatus).
Abbreviations: an=antipodals; ar = archesporial cell; cc =central cell;
ce=central layer, de=dermal layer, in=integument; mmc=mega-
spore mother cell; nu=nucellus; su=subdermal layer; sy =synergids.
Scales: 50 um

were found. In addition, druses were observed in C.
concolor (Fig. 3g), T. formosa, G. americana, and R.
heteromera.

Placental tissue

In the ovary of the PF and FPF, two placentas protrude
from the central septum and completely occupy the loc-
ules of the ovary (Fig. 4a—f,h—j,l-n,p—r). In T. formosa,
G. americana, and the two Randia species, each placenta
is inserted along the septum (Fig. 4a,h,1,p), whereas in C.
concolor, the placentas are inserted in the upper-middle
region of the septum (Fig. 4d—e). In C. concolor, each
placenta has 5-6 ovules, whereas in the other species,
there are numerous ovules (> 10). Two types of placenta-
tion were found in the analyzed species: in G. americana
(Fig. 4h—j), the placentation is typical axile; in this case,
the placenta shows little growth, and the ovules cover
the whole surface. In T. formosa (Fig. 4a—c), C. concolor
(Fig. 4d-f), and the two Randia species (Fig. 41-n,p-r),
the placenta is diffuse; in this case, the placenta growth
is greater than the growth of the ovules, so it ends up
protruding towards the locule, and the ovules become
immersed in it.

On the other hand, in the FSF a varied degree of reduc-
tion of the ovary and the placental tissue has been observed
depending on the species. In G. americana, there is the least
degree of reduction, the ovary possessing two locules; the
placental tissue is similar to that of the FPF, but it occupies
less volume and has several ovule rudiments formed only
of parenchyma (Fig. 4k). In C. concolor and both Randia
species, the following variations were observed in the ovary:
two loculi with a placenta in each one (Fig. 40), a single loc-
ule with one or two placentas (Fig. 4g—s), or a small locule
without any placentas or ovule rudiments. In the cases in
which ovule rudiments are formed, there is no differentia-
tion of the integuments, the processes of megasporogenesis
and megagametogenesis do not occur, and no gametes are
formed.

The ovule of the PF and FPF, megasporogenesis,
and megagametogenesis

The ovules are hemianatropous, tenuinucellate and
unitegmic (Fig. 5). The integument is massive, present-
ing more than 10 layers of cells. In C. concolor and G.
americana (Fig. 5b), the epidermal cells of the integument
present tannins. The differentiation of the ovule and the
embryo sac is identical in all species. The main stages are
described below.

Stage 1: ovule primordium

On the surface of the placenta, there are three layers: der-
mal, subdermal, and central (Fig. 6a). The differentiation
of the ovule begins after the occurrence of divisions in the
three layers, thus forming a protrusion, the primordium of
the ovule. This primordium is projected towards the locule
as it grows (Fig. 6b).

Stage 2: megaspore mother cell (MMC)

In ovules curved at 90°, the nucellus and the edges of the
integument can already be seen differentiated. The single
integument is 4 to 7 cells thick; its borders are not yet closed
(Fig. 6¢). The nucellar epidermis consists of few cells in
longitudinal Sect. (6—8) and has a convex shape. Subepi-
dermally, an archesporial cell (Fig. 6¢) is differentiated into
a megaspore mother cell (Fig. 6 d), which is distinguished
from the other cells by being elongated and having a promi-
nent nucleus.

Stage 3: meiosis

When the growth of the integument delimits the micro-
pyle, the megaspore mother cell undergoes meiotic divi-
sion, producing a dyad and then a linear tetrad of mega-
spores (Fig. 6e—f). Of the four cells resulting from meiosis,
the three near the micropyle degenerate (Fig. 6g), and the
remaining one forms a functional megaspore.

Stage 4: embryo sac

The integument increases notably in thickness, becoming
massive due to divisions of its cells in different planes. The
nucellus begins to be consumed. The functional megaspore
undergoes three mitotic divisions (Fig. 6h—i), resulting in
a Polygonum-type embryo sac with 7 cells and 8 nuclei
(Fig. 6j-1) that has one egg cell, two synergids, one cen-
tral cell, and three antipodals. Both the synergids and the
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Fig.7 Styles in cross section. a—¢ T. formosa, PF. d-g C. concolor.
h-j G. americana. k-m R. heteromera. d, f, h, j, k, m. FPF. e, g, i,
1 FSF. a, d—e, h—i, k-1 Transection of the middle zone of the style.
b Detail of the vascular bundle. ¢, f-g, j, m Detail of the epidermis,

antipodal cells present dense cytoplasm. In the synergids,
the vacuole can be distinguished towards the chalazal end
and the nucleus near the micropylar end. The filiform appa-
ratus is evident in these cells. The cytoplasm of the central
cell is filled with starch grains (Fig. 61).

@ Springer

note in g the unicellular trichome. Abbreviations: vb=vascular bun-
dle; tn=tannin; tr=transmitting tissue. Scales: a—e, h-m=>50 um,
f-g=10 um

Style

It is solid in all species and flower types (Fig. 7a,d—e,h—i,k-1).
The epidermis is glabrous (Fig. 7c,f,j,m) except in the FSF
of C. concolor which has simple unicellular trichomes
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(Fig. 7g). Tannins are present in 7. formosa (Fig. 7b), C.
concolor (Fig. 7d-g), and G. americana (Fig. 7Th—i). In the
center of the style of the PF and FPF, it is possible to distin-
guish the solid transmitting tissue formed of smaller secre-
tory cells with dense cytoplasm (Figs. 7a,d—e,h—i,k-1; 8 g;
9f—g; and 10 g). This tissue runs through the whole style and
continues in the stigmatic branches where it is continued as
the internal epidermis (Figs. 8 and 9). In the FSF, this tis-
sue is reduced to its minimum expression (Fig. 10). In all
flowers, there are two collateral vascular bundles that run
through the entire style ending at the base of the stigmatic
branches (Figs. 7-10).

Stigma

It consists of two stigmatic branches that are in close contact
at the base and middle region, and free towards the apex
(Fig. 11a,e,g,i,k,m,0,q,s). Only in T. formosa these branches
spread in their entirety after the anthesis (Fig. 11a). The
stigma is dry in C. concolor, G. americana, and T. formosa
and is wet in the Randia species.

Two epidermises are distinguished, the external and the
internal epidermis (Figs. 11b—d,f—g,j,l,n,0,r and 12a—q). The
external epidermis of T. formosa (Fig. 12b), G. americana
(Fig. 12i,1), and of the FSF of R. calycina (Fig. 11p) and
R. heteromera shows stomata (Fig. 11t). This epidermis is
more developed than the internal epidermis in the FSF of C.
concolor (Fig. 12g) and in the Randia spp. (Fig. 12q-1). In T.
formosa (Fig. 12a—c), both epidermises are well developed,
being much more voluminous than the parenchyma cells of
the stigma. On the other hand, the internal epidermis of the
FPF of C. concolor (Fig. 12d.f), G. americana (Fig. 12h,j),
and Randia spp. (Fig. 12n,p) has cells that are much more
developed than those of the outer epidermis.

In all flowers, the internal epidermis continues the trans-
mitting tissue in the style indicating that it is the receptive
surface of the stigma. In each stigmatic branch, there is a
collateral vascular bundle (Fig. 12a,d,h.k,n,q).

On the surface of the style of the FSF of C. concolor
and on the stigma (mainly) of 7. formosa and the FSF of G.
americana and Randia spp., the pollen is exposed to pollina-
tors in a secondary pollen presentation mechanism.

Discussion

In the Rubiaceae family, homoecy is the most common
breeding system (Razafimandimbison et al. 2009). How-
ever, there are also cases of monoecy and dioecy (Robbrecht
1988). In the Gardenieae complex several genera have uni-
sexual flowers (Robbrecht and Puff 1986; Robbrecht 1988;
Mouly et al. 2014). Such flowers (pistillate and staminate
flowers) may be similar or very different (Pacini 1996). In

the dioecious species analyzed here, the flowers present
great morphological similarity since they have both sexual
whorls; the main characteristics that differentiate them exter-
nally are the smaller size of the ovary in the FSF and of the
anthers in the FPF. Mayer and Charlesworth (1991) defined
the term cryptic or functional dioecy as a breeding system of
species with unisexual flowers, in which one or both morphs
appear to be perfect, retaining non-functional organs, such as
gynoecium in the FSF and androecium in the FPF. The case
of the species with unisexual flowers analyzed in this paper
matches this definition. It should be noted that in unisexual
species of the Rubiaceae, including those studied here, it is
often possible to identify the sexuality of the plants despite
the morphological similarity between the FPF and the FSF,
since the FSFs are arranged in multiflorous inflorescences,
whereas the FPF are placed in 1- or pauciflorous inflores-
cences (Robbrecht and Puff 1986; Robbrecht 1988; Judk-
evich et al. 2020). In addition, fruits are observed in plants
with FPF (Robbrecht and Puff 1986; Robbrecht 1988; Jud-
kevich 2019).

In different species of Rubiaceae (mainly in the subfamily
Rubioideae in which heterostyly is very common; Robbrecht
and Manen 2006), cryptic dioecy combined with heterostyly
has been described; several authors have suggested that in
these cases, dioecy was originated from heterostyly (Pailler
et al. 1998; Naiki and Kato 1999; Naiki 2008; Sugawara
et al. 2011; Terra-Araujo et al. 2012; Watanabe et al. 2014).
Those studies focused on the pollination of these species or
their morphology. However, the only embryological stud-
ies known with cryptic dioecy in the Rubiaceae species are
those by Li et al. (2010) in Mussaenda pubescens (tribe
Mussaendeae, the only tribe of the subfamily Cinchonoideae
sensu lato with heterostyly) and Romero et al. (2021) in
Cephalanthus glabratus (tribe Naucleeae, subfamily Cincho-
noideae). In M. pubescens (Li et al. 2010), the long-styled
(L) morph (that has sterile pollen and functions as a pistil-
late flower) and the short-styled (S) morph (that is pistillate
sterile and functions as a staminate flower) are recognized.
The L morph has normal differentiation of the ovule and
embryo sac (Polygonum type). However, the S morph shows
abnormal megasporogenesis and megagametogenesis, with
an arresting of the processes at different stages and the con-
sequent absence of functional ovules. The authors propose
that the condition prior to cryptic dioecy in M. pubescens is
stigma-height dimorphism. In C. glabratus (Romero et al.
2021), the FPF and FSF are described; they differ morpho-
logically in the corolla and stigma/style length and ovary
size; also, in the FPF, the ovules develop normally, and the
anthers are sterile, whereas in the FSF, the ovules are atro-
phied, and the anthers are fertile. Both flowers share the first
stages of ovule development, but in the FSF, it stops before
the embryo sac is formed. The authors do not go so far as
to hypothesize a possible origin of dioecy in this species.
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Embryology of some flowers of the Gardenieae complex (Rubiaceae)

«Fig.8 Course of the transmitting tissue in the stigma and style on the
PF of Tocoyena formosa. a Surface view of style and stigma. b—d, f-g
Cross section to the levels indicated in (a). e Detail of the transmit-
ting tissue. Abbreviations: vb=vascular bundle; tr=transmitting tis-
sue. Scales: a=1 cm; b-g=50 um

In the analyzed species of the Gardenieae complex, ovules
only develop in the PF and in the FPF, whereas in the FSF,
there are no ovules (there may only be rudiments of ovules
formed by undifferentiated parenchyma, without differentia-
tion of megaspores). The studies carried out by Judkevich
et al. (2020), on the androecium of the same species as those
analyzed in the present study, indicated that in the FPF, the
pollen development is arrested at different stages leading
to sterile anthers, unlike the FSF in which there is normal
pollen development. Given that heterostyly and stigma-
height dimorphism are absent in the Gardenieae complex
(and most other Cinchonoideae sensu lato, Robbrecht and
Manen 2006), it is believed that cryptic dioecy derives from
homoecy, at least in these species, since, in addition, uni-
sexual flowers conserve characteristics of the PF (Table 1).
This origin was also supposed by Razafimandimbison et al.
(2009) in the Rubiaceae tribe Vanguerieae (another tribe of
the Cinchonoideae sensu lato without heterostyly).

In the Rubiaceae, the gynoecium can present differences
in the morphology and structure of the stigma/style and
the ovary, position of the placenta, the number of ovules,
and their orientation (Robbrecht 1988; Svoma 1991; De
Toni and Mariath 2010).

The anatomical structure of the ovary wall is similar
in all the species studied. The differences found between
the species are mainly the amount and type of indumen-
tum and the occurrence and distribution of tannins and
druses in the ovary. The presence of collateral vascular
bundles and the arrangement of cells in the inner region
of the ovary wall coincide with that described in other
Rubiaceae, such as Oldenlandia salzmannii (DC.) Benth.
& Hook. f. ex B.D. Jacks. (tribe Spermacoceae, Floren-
tin et al., 2016), Nichallea soyauxii (Hiern) Bridson, and
species of Rutidea DC. (tribe Pavetteae, De Block 1995).
Although the appendicular origin of the extracarpellar tis-
sues of the ovary is mentioned historically in this family
(Douglas 1957), the histological study carried out here
did not make it possible to differentiate the areas, in cross
section, that strictly correspond to the ovary from the ext-
racarpellar tissues, for which a detailed analysis of the
floral vascularization would be necessary.

Among the analyzed species of the Gardenieae complex
with PFs and FPFs, two types of placentation were found by
taking account of the proliferation of placentas: typical axile
placentation in G. americana and diffuse axile placentation
in T. formosa, C. concolor, and Randia species. This is in
agreement with the types of placentation described by Hallé

(1967) for species of the Gardenieae complex. Among the
species with this diffuse axile placentation, there are dif-
ferences in the attachment of each placenta to the septum,
whereas in T. formosa and Randia spp., it is arranged along
the entire septum; in C. concolor it is in the upper half.

In the species analyzed here, the ovule is only formed
in the PFs of T. formosa and in the FPFs of dioecious spe-
cies. This ovule is hemianatropous, unitegmic, has a sin-
gle archesporial cell, and the nucellar epidermis is convex.
Anatropous ovules are the most frequent in the Rubiaceae
(Robbrecht 1988; De Toni and Mariath 2004, 2008, 2010;
Liet al. 2010; Figueiredo et al. 2013a,b, 2017; Romero et al.
2021) and particularly in species of the Gardenieae complex
(Hallé 1967; Robbrecht and Puff 1986); however, campylo-
tropous (Wunderlich 1971; Robbrecht et al. 1991; De Block
1995) and hemianatropous ovules (Maheswari Devi and
Krishnam Raju 1980; Von Teichman et al. 1982; De Toni
and Mariath 2008; Florentin et al. 2016) may also exist in
the family. In angiosperms, the integuments vary in number
and thickness. The basic number is two, but they can be
reduced to one and exceptionally to zero (Endress 2011). In
the analyzed species, the ovules have only one integument,
which would support the conclusions of other authors who
mentioned that the unintegumented condition of the ovule is
a constant character in the Rubiaceae (Fagerlind 1937; Rob-
brecht 1988; De Toni and Mariath 2008, 2010), there being
few cases in the family where the presence of vestiges of the
external integument is recorded during the formation of the
ovule (Fagerlind 1937; Andronova 1977; De Toni and Mari-
ath 2004). The thickness of the integument is a relatively
stable character and represents a character of importance
at the macrosystematic level (Endress 2011). In the spe-
cies studied here, the integument is massive from its origin
and the product of divisions of its cells in different planes.
Ovules with massive integuments have also been described
in other Rubiaceae, such as in Chomelia obtusa Cham. &
Schltdl., Guettarda pohliana Miill. Arg. (Figueiredo et al.
2013b), Ixora coccinea L. (De Toni and Mariath 2008),
Relbunium (Endl.) Hook. f. species (De Toni and Mariath
2010), and Rutidea DC. species (De Block 1995).

Finally, the embryo sac of both the PF and FPF is of
the Polygonum type, which is the most common type
in Angiosperms (Johri 1984) and in the Rubiaceae
(Maheswari Devi and Krishnam Raju 1980; Von Teich-
man et al. 1982; De Toni and Mariath 2004; De Toni
and Mariath 2008; De Toni and Mariath 2010; Li et al.
2010; Figueiredo et al. 2013a,b; Florentin et al. 2016;
Romero et al. 2021). The embryo sac described in this
study presents starch grains in the central cell, which
agrees with Hallé (1967) who mentioned that this is a
common feature in species of the Gardenieae complex,
although it has also been mentioned in the embryo sacs
of other Rubiaceae species of the tribes Pavetteae (Von

@ Springer



M. D. Judkevich et al.

SN
AR
¥

@ Springer



Embryology of some flowers of the Gardenieae complex (Rubiaceae)

«Fig.9 Course of the transmitting tissue in the style and stigma of the
FPF of Randia heteromera. a Surface view of upper portion of ovary
covered by nectary, style, and bilobed stigma. b—-d, f-g Transec-
tions to the levels indicated in (a). e Detail of the transmitting tissue.
Abbreviations: vb=vascular bundle; tr=transmitting tissue. Scales:
a=1 mm; b-g=50 pm

Fig. 10 Course of the transmitting tissue in the style and stigma of

the FSF of Randia heteromera. a Surface view of style and stigma.

b—d, f—g Cross section of the levels indicated in (a). e Detail of the

Teichman et al. 1982; De Block 1995) and Rubieae (De
Toni and Mariath 2010).

Regarding the type of ovules in the Rubiaceae, several
types have been described over the years. Based on the
number of integuments, the number of archesporial cells,

i,

transmitting tissue. Abbreviations: vb=vascular bundle; tr=transmit-
ting tissue. Scales: a=1 mm; b-g=50 um
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Embryology of some flowers of the Gardenieae complex (Rubiaceae)

«Fig. 11 Stigma morphology. a-d T. formosa. e-h C. concolor (e—f
FPF, g-h FSF). i-1 G. americana (i—j FPF, k-1 FSF). m—p R. caly-
cina (m-n FPF, o—p FSF). q—t R. heteromera (q-r FPF, s—t FSF). a,
e, g, i, k, m, o, q, s General view of the stigma. b External surface
of a stigmatic lobe. ¢ Inner surface of a stigmatic lobe. d, f, j, 1, n,
r Detail of the smooth inner surface and the papillose outer surface
of the stigma. h Outer surface of stigma with attached pollen grain.
p, t Detail of the external surface of the stigma with stomata in both
species of Randia. Abbreviations: es=external surface; is=inner
surface; po=pollen grain; s=stomata. Scales: a, i, k=2 mm; b, c,
e=500 um; d, f-g, j, n, p, r, t=50 pm; h=20 pm; 1=5 pm; m, o, q,
§=200 um

and the shape of the nucellar epidermis, Fagerlind (1937)
determined six different types of ovules and proposed evo-
lutionary links between them. Based on that classification,
subsequent studies by Galati (1991), De Toni and Mariath
(2008, 2010), and Figueiredo et al. (2017) extended the num-
ber of ovule types found in the family (Table 2).

In the species of the Rubiaceae analyzed here, the ovules
present a single archesporial cell, one integument without
vestiges of an external integument and a convex nucellar
epidermis. These ovules differ from the types previously
described, so we assign the Randia type (Fig. 13) to rep-
resent the species of the present study. We named it after
Randia because our first observation of the type was made
in that genus.

De Toni and Mariath (2008), based on previous work,
mentioned that the evolutionary trends in Rubiaceae ovule
types are as follows: the disappearance of the external integ-
ument, the transition of the shape of the nucellar epidermis
from convex to flat, the reduction in the number of arche-
sporial cells, and the elongation of the cells of the nucel-
lar epidermis. We here add the Randia type to the diagram
of ovule types (Figuereido et al. 2013b), as a state derived
from the Ixora type, due to the reduction in the number of
archesporial cells to only one. In addition, the Dialypetalan-
thus type (described by Figueiredo et al. 2017) had not been
previously incorporated into the evolutionary diagram. This
ovule is characterized by an integument without vestiges of
an external one, a dome-shaped nucellar epidermis is, three
to four archesporial cells, and a conical chalaza projection.
We add this type of ovule as a second derivation from the
Ixora type due to the decrease in the number of archesporial
cells to three or four and the presence of the conical chalaza
projection. The Chomelia type (Figueiredo et al. 2013b) is
removed here, since it is only distinguished from the Ixora
type by its pendulous position. Indeed, in previous litera-
ture, the orientation of the ovule in the ovary had not been
taken into account (Fagerlind 1937; Galati 1991; De Toni
and Mariath 2008, 2010).

All species and floral types analyzed have a structurally
massive style, a feature that had already been described in
other species of Rubiaceae (De Block and Igersheim 2001,
Florentin et al. 2016, Romero et al. 2021). The stigma of

angiosperms can be classified as dry (when the secretion
forms a thin film on the surface) or wet (when it presents a
fluid secretion on the surface), with some families in which
both types can be found, such as the Rubiaceae (Heslop-
Harrison and Shivanna 1977). Of the species analyzed,
only Randia spp. have wet stigmata, while the rest have dry
stigmata.

In the stigmata of the PF of T. formosa and in the FPF of
dioecious species, a smooth external surface and a papillose
internal surface with well-developed cells are clearly distin-
guished, whereas in the FSF, the external surface is smooth
or slightly papillose and has more developed cells than the
internal surface. The internal epidermis of the stigma, in
the species analyzed in this study, has continuity with the
transmitting tissue, which indicates that this is the receptive
surface of the stigma and is in agreement with De Block
and Igersheim (2001) for the homoecious Rutidea DC. and
Nichallea Bridson (tribe Pavetteae, Rubiaceae).

In the FSF of the Gardenieae complex, the transmitting
tissue is poorly developed and continuous with the internal
surface of stigma, and it has no receptive function. How-
ever, the external surface of the stigma in the species of
Gardenieae (external surface of the style in C. concolor)
participates in the secondary presentation of pollen, already
previously described in these species by the authors of this
paper (Judkevich et al. 2020, in press). Robbrecht and Puff
(1986) mentioned that in species of the Gardenieae complex,
secondary pollen presentation on the stigma occurs in the
same way in both the PF and FSF, so this would be further
evidenced that cryptic dioecy in species of this tribe has
originated from homoecy. The secondary pollen presentation
on the stigma would be a function of the stigma that is still
preserved in the FSF but has been lost in FPF.

In T. formosa, as well as in both types of G. americana
flowers and in the FSF of the Randia species, stomata were
observed on the external surface of the stigma. Their pres-
ence in the PF and FSF could possibly be related to the
secretion of some substance that helps pollen adherence for
presentation on the stigma, while in the FPF of G. ameri-
cana, it is perhaps only a relict. Further studies would be
needed to explain the role of these stomata on the stigma.

Conclusion

Cryptic dioecy is confirmed as a breeding system in Cordi-
era concolor, Genipa americana, Randia calycina, and R.
heteromera. The results obtained in the present study, added
to those of previous studies, allow us to conclude that cryptic
dioecy originated from homoecy in these species. Of the
species analyzed, four correspond to the tribe Gardenieae,
and only one corresponds to the recently separated tribe
Cordiereae. The results of this study show that these species
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Fig. 12 Cross section of stigma. a—c T. formosa. d—f C. concolor. g-1
G. americana. m-p Randia heteromera. a, d, h, k, n, q Cross sec-
tion of a stigmatic branch (n and q are details of Figs. 9 ¢ and 10
b). g Cross section of the base of stigma. b, e, i, 1, 0, r Detail of the
epidermis of the external surface of the stigma. ¢, f, j, m, p Detail
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of the epidermis of the inner surface of the stigma. Abbreviations:
dr=druse; es=external surface; is=inner surface; s=stomata,
tn=tannin; vb=vascular bundle. Scales: a, h, k=100 pm; b-g, i-j,
1=50 um; r=20 um
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Ixora

vgmv Dialypetalanthus
—_— —_—
—

Original type
Bouvardia Oldenlandia Houstonia
—_— | A —
Phyllis Psychotria Mitracarpus
N m)— | Hhy— @

Valantia Galium Rubia

Fig. 13 Ovule types in Rubiaceae. Outline modified from Fagerlind (1935), Galati (1991), De Toni and Mariath (2008, 2010), and Figueiredo
et al. (2013b) for the inclusion of the Randia type ovule. In dark gray, the integument and nucellar epidermis; in light gray, the archesporial cells

Table 1 General characteristics of the gynoecium and androecium in the studied species of Gardenieae complex. Abbreviations: SPP secondary
pollen presentation. Anther wall and pollen data were obtained from Judkevich et al. 2020

PF FPF FSF
Stigma The internal surface is receptive The internal surface The internal surface is reduced and not
The external surface participates in SPP is receptive function as receptive

The external surface The external surface participates in SPP
is reduced and
not participates

in SPP
Style Developed transmitting tissue (the external surface participates in SPP in C. concolor) Reduced transmitting tissue
Ovary Voluminous, with developed placentas and ovules Reduced, rudimentary placentas, no ovules
Ovule Hemianatropous, unitegmic, with embryo sac of Polygonum type Absent
Anther wall Dehiscent Indehiscent Dehiscent
Pollen It develops normally Its development is It develops normally

arrested at dif-
ferent stages and
degenerates
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Table 2 Types of ovules in Rubiaceae classified to date

Types of ovule  Archesporial cells Nucellar epidermis Outer integument Reference
Phyllis 1-2 Convex Vestiges Fagerlind, 1937
De Toni and Mariath 2008, 2010

Vaillantia Several Flat, formed by several cells Absent Fagerlind, 1937
Oldenlandia 34 Flat, formed by 1-2 cells Absent Fagerlind, 1937
Houstonia 34 Without nucellar epidermis and micropylar ~ Absent Fagerlind, 1937

canal
Rubia 34 With few pyramidal cells Absent Fagerlind, 1937
Bouvardia 3 Flat Absent Fagerlind, 1937
Mitracarpus 1-3 Three pyramidal cells shorter than in the Vestiges Galati, 1991

Rubia type De Toni and Mariath 2004, 2008, 2010
Psychotria Several Convex Vestiges De Toni and Mariath, 2008, 2010
Galium Several Flat, few cells, more elongated than in the Absent De Toni and Mariath, 2008

other types
Ixora 8 Flat Absent De Toni and Mariath 2008
Dialypetalanthus 34 Convex Absent Figueiredo et al., 2017

share many similar embryological characters, for example,
the same type of ovule, referred to in this study as the Ran-
dia type. Therefore, it provides the basis for future studies
that include a larger number of species and ones that have a
higher inference at the tribal level. The recent phylogenetic
framework for the Randia group (Borges et al. 2021) can
therefore serve as a framework for efficient sampling.

Appendix

List of the analyzed species of Gardenieae and their voucher
information

Cordiera concolor (Cham.) Kuntze. Argentina. Misiones,
San Ignacio, Teyu Cuaré, 01 Mar 2013, Judkevich MD &
Salas RM 11 (FPF). Idem, 23 Apr 2016, Judkevich MD &
Salas 73 (FSF). Idem, 23 Apr 2016, Judkevich MD & Salas
74 (FPF).

Genipa americana L. Argentina. Formosa, Guaycolec,
Estancia “Bella Mar”, 11 Sep 2014, Judkevich MD & Salas
RM 53 (FPF). Idem, Estancia Miriquin4, 28 Jan 2015, Jud-
kevich MD & Salas RM 58 (FPF). Idem, Judkevich MD &
Salas RM 59 (FPF). Idem, 22 Dic 2015, Judkevich MD et
al. 73 (FPF). Idem, Reserva Biologica Guaycolec, 16 Nov
2016, Judkevich MD et al., 84 (FPF). Paraguay. Asuncion,
Campus UMA, 24 Nov 2016, Judkevich MD et al. 85 (FSF).

Randia calycina Cham. Argentina. Formosa, Guaycolec,
Estancia “Bella Mar”, 10 Sep 2014, Judkevich MD & Salas
RM 49 (FPF). Idem, Judkevich MD & Salas RM 52 (FSF).
Idem, “Monte Lindo Chico”, 11 Sep 2014, Judkevich MD &
Salas RM 54 (FPF). Chaco, Primero de Mayo, Colonia Ben-
itez, 28 Nov 2014, Judkevich MD & Salas RM 57 (FPF).
Idem, 01 Oct 2015, Judkevich MD & Salas RM 70 (FPF).
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Idem, 01 Oct 2015, Judkevich MD & Salas RM 71 (FPF).
Idem, 01 Oct 2015, Judkevich MD & Salas RM 72 (FPF).

Randia heteromera. Argentina. Corrientes, Riachuelo,
17 Sep 2014, Judkevich MD & Salas RM 55 (FSF). Idem,
Judkevich MD & Salas RM 56 (FPF). Idem, Puente Pexoa,
14 Sep 2016, Judkevich MD et al. 75 (FSF). Idem, 14
Sep 2016, Judkevich MD et al. 77 (FPF). San Cosme, Las
Lomas, Ensenada Grande, 29 Aug 2015, Judkevich MD et
al. 61 (FSF). Idem, Judkevich MD et al. 62 (FSF). Dpto:
Dan Miguel, Estancia “Tranquita”, 11 Sep 2015, Judk-
evich MD et al. 63 (FPF). Idem, 11 Sep 2015, Judkevich
MD et al. 64 (FSF). Idem, 11 Sep 2015, Judkevich MD et
al. 65 (FPF). Idem, Estancia “Santa Julia”, 11 Sep 2015,
Judkevich MD et al. 66 (FSF). Idem, 11 Sep 2015, Judk-
evich MD et al. 67 (FPF). Idem, 11 Sep 2015, Judkevich
MD et al. 68 (FSF).

Tocoyena formosa (Cham. & Schitdl.) K. Schum. Para-
guay. Asuncién, Cerro Tobati, 25 Nov 2016, MM et al.
187 (PF). Idem, 25 Nov 2016, MM et al. 188 (PF).
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