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Abstract
Key message  In Araucaria angustifolia, the seed scale is part of the ovule, the female gametophyte presents a mono-
sporic origin and arises from a coenocytic tetrad, and the pollen tube presents a single axis.
Abstract  The seed cone of conifers has many informative features, and its ontogenetic data may help interpret relationships 
among function, development patterns, and homology among seed plants. We reported the seed cone development, from 
pollination to pre-fertilization, including seed scale, ovule ontogeny, and pollen tube growth in Araucaria angustifolia. The 
study was performed using light microscopy, scanning electron microscopy, and X-ray microcomputed tomography (μCT). 
During the pollination period, the ovule arises right after the seed scale has emerged. From that event to the pre-fertilization 
period takes about 14 months. Megasporogenesis occurs three weeks after ovule formation, producing a coenocytic tetrad. 
At the same time as the female gametophyte's first nuclear division begins, the pollen tube grows through the seed scale 
adaxial face. Until maturity, the megagametophyte goes through the free nuclei stage, cellularization stage, and cellular 
growth stage. Along its development, many pollen tubes develop in the nucellar tissue extending straight toward the female 
gametophyte. Our observations show that the seed scale came out of the same primordia of the ovule, agreeing with past 
studies that this structure is part of the ovule itself. The formation of a female gametophyte with a monosporic origin that 
arises from a coenocytic tetrad was described for the first time in conifers, and the three-dimensional reconstruction of the 
ovule revealed the presence of pollen tubes with only one axis and no branches, highlighting a new pattern of pollen tube 
growth in Araucariaceae.
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Introduction

The gymnosperms are a group of distantly related seed 
plants with a fossil record extending back to the mid-Devo-
nian (Gerrienne et al. 2004). They differ from angiosperms 

because their ovule is entirely or partially exposed during 
the pollination stage, forming naked seeds. The main gym-
nosperm lineages include cycads, Ginkgo, conifers, and 
Gnetales (Ran et al. 2018) and present a wide variety of 
reproductive systems (Breygina et al. 2021), showing dif-
ferent ovule morphology, pollen structure, and pollen tube 
behavior (Biswas and Johri 1997).

The largest group of gymnosperms are the conifers which 
present two kinds of reproductive structures: pollen cones 
and seed cones (Farjon 2017). While pollen cones produce 
and disperse the pollen grains, the seed cones play a great 
variety of roles, such as producing the ovule, housing the 
fertilization process, and protecting and dispersing the seeds 
(Leslie 2011). According to Miller (1999), the seed cone 
structure has many informative features that allow extant 
families to be distinguished.
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Araucaria is a conifer genus identified in the fossil 
record since the Jurassic (Panti et al. 2012), and all 19 
species are recognized as living fossils. This genus pre-
sents two endemic species from South America, Araucaria 
araucana (Molina) K.Koch and Araucaria angustifolia 
(Bertol.) Kuntze (Dettmann and Clifford 2005) that have 
likely changed very little since the Jurassic (Farjon 2017). 
Araucaria belongs to Araucariaceae, a family primarily 
representing Southern Hemisphere distribution and com-
prising two other genera, Agathis and Wollemia (Farjon 
2010). The most recent combined morphological and 
molecular phylogenetic analyses retrieved Agathis and 
Wollemia as a monophyletic group (i.e., agathioid clade), 
sister to Araucaria (Escapa and Catalano 2013).

The Araucaria seed cone is the largest of the conifers 
(Gleiser et al. 2019), and only the two South American 
species and one from Australia, together with several spe-
cies of Pinus, produce seeds for human consumption (Far-
jon 2017).

The cones of Araucaria are known to bear a single and 
inverted ovule which is produced in bract/seed scale com-
plexes. The comprehensive study of Burlingame (1913, 
1914, 1915) analyzed several aspects of the reproductive 
cycle of A. angustifolia. Still, many aspects were not com-
pletely described, such as the seed scale, ovule development, 
and megasporogenesis process.

Therefore, many aspects of the embryonic ontogenesis 
of A. angustifolia were updated by Goeten et al. (2020), and 
Herting and Stützel (2020) described the A. araucana seed 
scale ontogeny discussing the homology of this structure. 
The overall pollination mechanism of Araucaria was ana-
lyzed, which includes wind pollination, the presence of non-
saccate pollen, the absence of pollination drops, and extra-
ovular pollen germination (e.g., Burlingame 1915; Haines 
et al. 1984; Owens et al. 1998), in which pollen grains laid 
on the seed scale, germinate and grow toward the seed cone 
axis straight to the micropyle.

Pollen tube growth in the nucellus has only been precisely 
detailed in Agathis (Owens et al. 1995a), which indicated 
that pollen tubes meander and branch within the nucel-
lar tissue, suggesting that besides the siphonogamic role, 
the pollen tube possesses a secondary haustorial function. 
Because of the lack of information about pollen tube growth 
in other species, this developmental pattern was generalized 
to Araucariaceae.

Although the study of reproductive biology of Arau-
cariaceae has been increasing significatively in the last few 
decades, many questions remain. Thus, reinvestigating spe-
cific developmental processes, such as seed scale and ovule 
ontogeny, megasporogenesis and megagametogenesis, and 
pollen tube growth, is still necessary. Nevertheless, those 

ontogenetic data may aid in interpreting homologies among 
seed plants and help understand the relationships among 
function, developmental patterns, and the evolution of repro-
ductive morphology.

Araucaria angustifolia, known as Brazilian Pine or Mon-
key Puzzles, is a Critically Endangered conifer (IBAMA 
1992; Baillie et al. 2004), having lost 97% of its range in the 
last century due to human activities (Mantovani et al. 2004). 
A. angustifolia also plays an important role in the Atlantic 
Forest ecology, hosting many plant species in its canopy and 
providing shelter and nutritional resources to the wild fauna 
through its seed (Koch and Corrêa 2002).

In this article, we report the seed scale ontogeny, ovule 
formation, and development, including the megasporogen-
esis and megagametogenesis processes and pollen tube 
growth. Furthermore, given the difficulty of visualizing how 
the pollen tube grows inside the seed cone using traditional 
serial sections, a non-invasive approach using X-ray micro-
computed tomography (µCT) was also performed to generate 
a high-resolution 3D model of the pollinated ovule. This 
data can be useful in enhancing breeding techniques and 
pollination success with fertilized cones and seed produc-
tion and increases chances for successful management of 
the natural environment of this tree. Lastly, understanding 
the morphology of the reproductive structure in Araucaria 
is important to comprehend how reproductive strategies 
evolved in Araucariaceae.

Materials and methods

Plant material

The seed cones of A. angustifolia were obtained from three 
different plants of Nova Petropólis City, Rio Grande do Sul, 
Brazil. The collections were performed over 18 months 
(from June to November of the next year), starting at the 
beginning of the winter. From the first to the third month and 
from the seventh to the eighteenth months, the collections 
were made monthly, except that the fourth to sixth-month 
samples were taken weekly or every two weeks. The voucher 
specimens were deposited in the Federal University of Rio 
Grande do Sul's ICN herbarium under numbers 171957 and 
171958.

Light microscopy (LM)

To prepare histological sections, the material was fixed in 
1% glutaraldehyde and 4% formaldehyde in 0.1 M sodium 
phosphate buffer, pH 7.2 (McDowell and Trump 1976). Then 
it was washed in sodium phosphate buffer (0.1 M, pH 7.2) 
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Gabriel (1982), dehydrated in an ethanol series (10–100%), 
and embedded in 2-hydroxyethyl – methacrylate (Gerrits and 
Smid 1983). Sections were cut 2–4 µm thick, using a Zeiss 
rotatory microtome, and stained with Toluidine Blue O 0.05%, 
pH 4.4 (O’Brien and McCully 1981). Photomicrographs were 
acquired under a bright field using a Leica DMR microscope 
and a Leica M165 FC stereomicroscope, with an AxioCam 
HRc digital camera and AxioVision LE (Carl Zeiss® Meditec 
AG, Oberkochen, Germany) software.

Chemical composition was detected using different his-
tochemical tests (Supplementary material 1): IKI (Lugol’s 
solution) (Johansen 1940) to detect starch; Ruthenium Red 
(Johansen 1940) for polysaccharide acids and pectic acids; 
Alcian Blue 8GX (Lillie 1965) for mucopolysaccharides; 
Periodic Acid Schiff-PAS (Sass 1951) for total polysaccha-
rides and Calcofluor White (Hughes and McCully 1975) for 
cellulose; Aniline Blue (Martin 1959) for callose.

Scanning electron microscopy (SEM)

For scanning electron microscopy (SEM), the samples were 
dehydrated in an acetone series and dried using the critical-
point method (Gersterberger and Leins 1978) with BAL-
TEC, CPD 030 equipment. The samples were then mounted 
onto stubs and coated with gold using a BAL-TEC SCD 050 
sputtering device. Observations and electron micrographs 
were performed with a JEOL JSM 6060 microscope under 
30 kV.

X‑ray microcomputed tomography (μCT)

The seed cone in the early stage of development was col-
lected and fixed in 1% glutaraldehyde and 4% formaldehyde 
in 0.1 M sodium phosphate buffer, pH 7.2 over 72 h (McDow-
ell and Trump 1976), and washed in 0.1 M sodium phosphate 
buffer, pH 7.2. After washing, the sample was dehydrated in 
an acetone series and dried using the critical-point method 
(Gersterberger and Leins 1978) with BAL-TEC, CPD 030 
equipment.

For the μCT analyses, the material was mounted in a plastic 
sample holder, and the scanning was performed in SkyScan 
1172 (Bruker-microCT, Kontich, Belgium). Source voltage 
and current were 40 kV and 250 μA, respectively, and no filter 
was applied. Exposure time was 1700 ms, resulting in 2657 
slices with 2.06 μm voxel size. To perform the 3D reconstruc-
tion and virtual sectioning, the open-source FIJI, a distribution 
of ImageJ (Schindelin et al. 2012), was used. The Segmenta-
tion plug-in was used to create binary masks corresponding to 
different structures in the seed cone (Schindelin et al. 2012). 
A detailed description of the image treatment and the three-
dimensional reconstructions is given by (Nogueira et al. 2017, 
2019; Palombini et al. 2020).

Results

Morphology of the Seed Cone development

At the beginning of the winter, the seed cone was in the early 
stage of development and presented a plagiotropic position 
in the tree branch (Fig. 1a). The seed cone is composed of 
the cone axis and bracts that are helically arranged (Fig. 1b, 
d). The bract presents an ensiform shape in outline and does 
not have any photosynthetic portion. At this moment, the 
seed cone was nested and completely covered by the regular 
leaves.

At the end of the winter, the seed cone started to emerge 
from the regular leaves and subtending leaves (Fig. 1c), and 
in the early spring, the seed cone was completely free to 

Fig. 1   Stages of development of Araucaria angustifolia seed cone. a 
Regular leaves involve seed cone in the early stage of development. 
b Transversal section of seed cone in the early stage of development 
showing the cone axis and bracts. c–e Stages of seed cone expo-
sure by the regular leaves and subtending leaves. f Seed cone in an 
advanced stage of development. g Detail of adaxial view of the bract 
with a photosynthetic distal portion and a fertile proximal portion. 
Legend: Regular leaves (rl), cone axis (ca), bracts (br), subtending 
leaves (sl), distal portion (dp), proximal portion (pp)
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receive the pollen grains in the pollination period (Fig. 1d, 
e).

From the spring to the following spring, the seed cone 
keeps growing and developing its seed cone structures, pre-
paring for the fertilization event, which occurs 14 months 
after the pollination period (Fig. 1f). From the pollination 
onwards, the distal portion of each bract is acuminated and 
green, and the median and the proximal portion, where the 
ovule develops, remains non-photosynthetic (Fig. 1g).

Supplementary material 2 indicates the sample dates 
and the sample size related to the reproductive stages of A. 
angustifolia.

Ovule and pollen tube anatomy development

In the early spring, the seed scale primordium arose in the 
adaxial and axillary portion of the bract (Fig. 2a). Right after 
the seed scale formation, the nucellus primordium emerged 
in the most proximal portion of the seed scale being oriented 
along its longitudinal axis (Fig. 2b). At this moment, it was 
possible to observe that the distal portion of the seed scale is 
detached from the bract, and its proximal portion is fused to 
it. Some days later, the seed scale elongated toward the distal 
portion of the bract (Fig. 2c). Subsequently, the integument 
primordium arose as a slight bulge evidencing the micropyle 
orientation toward the cone axis (Fig. 2d). The seed scale 
and the ovule kept developing in the following weeks and 
increased in length and width (Fig. 2e).

Within three weeks from the integument formation, the 
nucellus elongated and protruded through the micropyle 
towards the cone axis. A third bulge of cells appeared dis-
tally to the integument (Fig. 2f). At this moment, the mega-
spore mother cell (MMC) differentiated within the nucel-
lus, presenting an elongated shape and a central nucleus 
(Fig. 2g). The first meiotic division occurs, forming the 
dyad with a thick cell wall, however, no cell cross-wall iso-
lates its nuclei (Fig. 2h). The dyad immediately enters in 
the second meiotic division producing a coenocytic tetrad 
of megaspores with a thick and pectic megaspore cell wall 
and no internal cross-wall isolating these nuclei (Fig. 2i). No 
callose compound was found in the megaspore wall during 
megasporogenesis.

Subsequently, the seed cone unit develops even more 
(Fig. 3a). The nucellus elongates, the same as the mega-
spore in its interior, and the nucellar cells adjacent to the 
megaspore appear compressed by its growth. The megaspore 
presented a dense cytoplasm and bore one prominent and 
viable nucleus (Fig. 3b) and three degenerative nuclei, which 
underwent nuclear shrinkage (Fig. 3c).

Some days later, the female gametophyte expands and 
undergoes megagametogenesis presenting four conspicuous 
nuclei with prominent nucleoli, two at the micropylar posi-
tion and the other two in the central position. Figure 3d and 

e show two of the four nuclei. The female gametophyte wall 
is thin and stained purple with Toluidine Blue O. During 
the same period, the pollen tube was visible in the seed cone 
unit’s adaxial face elongating toward the cone axis, straight 
to the micropyle (Fig. 3f, g). The female gametophyte kept in 
development, and after two weeks, it bore more than 16 free 
large nuclei. However, no mitotic divisions were observed. 
Figure 3h and i show two of the 16 nuclei. At the end of the 
spring, many pollen tubes penetrated the micropyle (Fig. 3j, 
k), and each pollen tube contained many nuclei (Fig. 3l). In 
this stage, the lugol reaction also evidenced the presence of 
starch grains in the nucellar tip (Fig. 3m).

Throughout the summer, the female gametophyte kept 
growing and forming hundreds of free nuclei. The nuclei 
present a conspicuous nucleolus and are inserted in a thin 
layer of cytoplasm, which revest the inner wall of the 

Fig. 2   Longitudinal section of the seed cone unit of Araucaria angus-
tifolia and its stages of development in light microscopy. a Formation 
of the seed scale in the proximal portion (pp) of the bract. b Nucel-
lus initiation and c enlargement of seed scale. d Integument formation 
and e, f seed cone unit growth and development of the third bulge 
(tb). g Nucellus with megaspore mother cell (mmc), h nucellus with 
the dyad, and i with coenocytic tetrads. Legend: Bract (br), seed scale 
(sc), nucellus (nc), integument (in), megaspore mother cell (mmc), 
the dyad (dy), tetrad (te)
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coenocytic female gametophyte (Fig. 4a, b). The growth of 
the female gametophyte obliterates the nucellar cells sur-
rounding it. However, the surrounding cells that remain 
intact present a denser cytoplasm when compared to the 
other nucellar cells (Fig. 4c).

The pollen tube penetrates deeply toward the female 
gametophyte (Fig. 4d), and near its tip, there are many nuclei 
(Fig. 4e). Histochemical tests indicated that the pollen tube 
wall is compounded by cellulose, polysaccharide, and muco-
polysaccharide (Fig. 4 f–h). The pollen tube wall did not 
stain for callose, acidic polysaccharide, and acidic pectin.

The female gametophyte and the pollen tubes undergo 
a few changes from the middle of summer to the middle of 

winter of the next year. After this period, the female game-
tophyte restarts its development and reaches the cellularized 
phase.

The female gametophyte in the micropylar pole develops 
about twelve archegonia. At the beginning of the develop-
ment, the archegonium presents the archegonial initial dif-
ferentiated at the micropylar end. The female gametophyte 
cells adjacent to the archegonial initial are differentiated as 
jacket cells with darkly stained cytoplasm (Fig. 4i). Subse-
quently, a periclinal division of the archegonial initial forms 
the central cell (lower cell) (Fig. 4j) and primary neck cell 

Fig. 3   Seed cone development of Araucaria angustifolia shows 
the ovule's longitudinal section in light microscopy and pollen tube 
growth in scanning electron microscopy. a Ovule general overview 
in the megasporogenesis phase. b Coenocytic megaspore showing 
viable nucleus (n) and in (c) degenerative nuclei (dn). d, e Four-
nucleus phase of the megagametophyte (mg), with megaspore wall 
(mw), nucleus (nu) and in (e) second nucleus detail. (f) Overview of 
seed scale adaxial face showing pollen tube growth (g) toward micro-
pyle. h Coenocytic megagametophyte in 16 nuclei phase and i nuclei 
detail. j, k ovule with pollen tubes at the micropyle and l pollen tube 
nuclei (tn) detail. m Nucellar tip cells with starch grains. Legend: 
Megaspore (m), Bract (br), integument (in), micropyle (mi), pollen 
tube (pt), starch grains (sg)

Fig. 4   Longitudinal section of the megagametophyte and pollen tube 
of Araucaria angustifolia in light microscopy. a Coenocytic megaga-
metophyte overview, with b cytoplasmatic layer, and c nucellar cells 
detail. d Ovule with deeply inserted pollen tubes and e pollen tube 
tip detail. Histochemical tests in the pollen tube wall (pw) indicated f 
cellulose (Calcofluor White), g polysaccharide (Periodic Acid Schiff-
PAS), and h mucopolysaccharide (Alcian Blue 8GX). i–k Different 
archegonium development phases. i Early development shows the 
archegonial initial cell. The sequential sections of subsequent devel-
opment indicate j the central cell (cc) and k the primary neck cell 
(pn). Legend: Cytoplasmatic layer (ci), obliterate nucellar cells (on), 
nucellar cells (nu), megagametophyte (mg), tube nuclei (tn), jacket 
cells (jc)
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(upper cell) (Fig. 4k). Figure 4j and k represent sequential 
sections of the archegonium.

In the female gametophyte at maturity (Fig. 5a–c), anticli-
nal divisions in the primary neck cell form a tier composed 
of 13 neck cells which form a central channel (Fig. 5d). In 
this phase, the neck cells and the jacket cells contain large 
amounts of starch grains in their cytoplasm (Fig. 5e) and 
the egg cell have already been formed from the central cell 
(Fig. 5a, c). At this moment, the pollen tube arrives at the 
female gametophyte, preparing for fertilization (Fig. 5a).

The three-dimensional reconstruction of the ovule shows 
the elements that were segmented in a way to discern its 
components: the most external tissue, the integuments, 
and inside the nucellus (Fig. 6a). The integuments and the 
nucellus are shown with transparency and are possible see 
the female gametophyte with several pollen tubes nearby 
(Fig. 6b). Figure 6c shows the 3D reconstruction of the 
nucellus, and by the transparency of the nucellus, Fig. 6d 
shows the perspective of the female gametophyte and the 
pollen tubes. μCT reconstruction shows that many pollen 
tubes grow through the nucellar tissue. They border each 
other, but each presents only one axis that extends straight 
toward the female gametophyte (Fig. 6e).

The process from pollination to pre-fertilization takes 
about fourteen months. In the first and second months, the 
pollen grains arrive in the seed cone, and the pollen tube 
germinates. The pollen tubes and unfertilized female game-
tophyte remain for about 4–5 months in a dormancy period, 
and after that, it takes about 3–4 months to complete their 
development (Fig. 7).

Discussion

Ovule development

The identification of seed cone structure homology has 
caused divergence for decades. The conifer seed cone com-
prises several bract/seed scale complexes (Florin 1954). 
Although the seed cones of modern conifers present a 

Fig. 5   Longitudinal section of the ovule and archegonia detail  of 
Araucaria angustifolia in light microscopy. a Pollen tube approach 
into megagametophyte with mature archegonium. b Starch grains 
detection in nucellar cells next to megagametophyte and archego-
nium. c Mature archegonia showing neck cells, jacket cells, and egg 
cell. d Archegonia with an oblique view of neck cells and central 
channel. e Starch grains detection in the neck cells of archegonium 
with Lugol. Legend: Pollen tube (pt), megagametophyte (mg), neck 
cells (nc), jacket cells (jc), egg cell (eg), nucellar cells (nu), archego-
nium (ac), central channel (cc), starch grains (sg)

Fig. 6   µCT 3D reconstruction of the ovule of Araucaria angustifolia. 
a Lateral view of the ovule with the integument and nucellus. b Fron-
tal view of the ovule using integument transparency. Note the nucel-
lus, the megagametophyte (in red), and the micropylar pollen tubes 
(yellow, orange, green, purple, and pink). c Frontal view of the nucel-
lus. d Frontal view of the nucellus with transparency. Note the mega-
gametophyte and micropylar pollen tubes. e Frontal view of the meg-
agametophyte and the pollen tubes. Legend: integument (pale pink), 
nucellus (pale purple), megagametophyte (red), pollen tubes (yellow, 
orange, green, purple, pink, and light blue)
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consistent Bauplan (Tomlinson 2012), the fossil records 
demonstrated a very diverse morphology (Taylor et  al. 
2009). According to the Florin Model (1931) of the conifer 
evolution, the seed scale of fossil and extant conifers com-
prises a stalked ovule, sterile appendages, and a rudimentary 
axis, which may be fused to different degrees.

Currently, there is a different interpretation of the seed 
scale homology. The traditional view still rests on the pivotal 
argument of the Florin Model, interpreting the seed scale 
as a rudimentary lateral shoot that bears multiples append-
ages and develops at the axil of the bract, homolog to a leaf 
(Clement-Westerhof 1989; Rothwell et al. 2011). In recent 
studies based on ontogenetic, paleobotany, and phylogenetic 
data, a new model of seed scale evolution was proposed 
(Herting and Stützel 2020, 2022). This new interpretation 
points out that the seed scale would not be interpreted as a 
homolog to a leaf for three main reasons: it does not take 
into account the seed cone ontogeny of extant conifers, it 
does not explain the seed cone morphology of all extant 
conifers and because excluded, originally, species from Tax-
aceae. Therefore, based on ontogenetic studies with Arau-
caria araucana and comparative development with other 
conifers, the seed scale should be interpreted as a modified 
funiculus of the ovule (Herting and Stützel 2020).

Our study demonstrated that in A. angustifolia, the bract 
arises months earlier in the ovule development. In the early 
spring, the ovule starts its morphogenesis as an axillary 
structure of the bract in which a group of meristematic cells 
differentiates firstly the free portion of the seed scale (inter-
preted as the funicular region of the ovule). Immediately 
after the seed scale emergence, the nucellus differentiates. In 

sequence, these two zones keep growing and differentiating 
simultaneously.

The seed scale and nucellus development of A. angusti-
folia, identified by the sequential histological section, repeat 
the pattern described by A. araucana (Herting and Stützel 
2020) by scanning electron microscopy and endorse the idea 
that both structures arise from the same primordium being 
the seed scale a component of the ovule once the whole 
axillary structure is undifferentiated before the nucellus and 
integument emerges. The formation of the third bulge of 
cell observed in A. angustifolia during the ovule ontogeny 
was first described in A. araucana, and its enlargement was 
linked to a change in ovule orientation from the cone apex 
to the cone axis (Herting and Stützel 2020).

In Aghatis australis and Wollemia nobilis, the other two 
genera of Araucariaceae, the ovule presents only one point 
of attachment to the bract, and the seed scale is not evident 
(Owens et al. 1995a; Dörken and Rudall 2019). However, 
it is unclear if the bract and seed scale are completely con-
genitally fused in those species or if any ontogenetic step 
has been missed from the seed cone development. In the 
Podocarpaceae family, also included in Araucariales (Leslie 
et al. 2018), the ovulate cone bears one or more bracts sub-
tending an axillary epimatium supporting a single adaxial 
ovule (Tomlinson 1992). According to (Tomlinson 1992), 
the role of the epimatium is to change the ovule orientation, 
turning it into an inverted ovule, as in Araucaria (Herting 
and Stützel 2020). Furthermore, regarding the ovule homol-
ogy in these two families, ontogenetic data infer that the 
epimatium of Podocarpaceae and the seed scale of Araucari-
aceae present the same development pattern. Both structures 

Fig. 7   Seed cone unit develop-
ment of Araucaria angustifo-
lia. The cone unit from 1 to 5 
develops in the first year of the 
reproductive cycle. The cone 
unit represented from 6 to 7 
develop in the second year of 
the reproductive cycle. Brown: 
cone axis; Green: bract; Light 
Brown: seed scale (funiculus); 
Purple: nucellus; Beige: integu-
ment; Grey: third bulge; Red: 
Female Gametophyte; Yellow: 
Archegonia
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arise at the axillary portion of the bract, and quickly after 
its initiation, the nucellus, and the integument emerge. The 
pattern of development of this structure suggests that seed 
scale and epimatium are homologous structures (Herting and 
Stützel 2020; Khan and Hill 2021).

Megasporogenesis/Megagametogenesis

The nucellus of seed plants corresponds to the megasporan-
gium, in which the megaspore mother cell undergoes meiosis 
to form megaspores (Williams 2009). In conifers, the nucel-
lus could present one or several archesporial cells, which 
develop subdermally and divide periclinally to form many 
parietal cells that overlie the sporogenous cells. The sporog-
enous cells could divide once or more or develop directly 
as a megaspore mother cell (Biswas and Johri 1997). The 
general process of megasporogenesis in conifers describes 
the formation of tetrads or triads. In the latter case, the upper 
dyad cell does not undergo meiosis II (Pennell 1989; Biswas 
and Johri 1997). Different tetrad shapes occurred, such as 
linear, T-shape, tetrahedral, and isobilateral (Fiordi 1987; 
Pennell 1989), and in all cases, the functional megaspore is 
the chalazal one. In A. angustifolia, we described a distinct 
process in which the megaspore mother cells undergo meio-
sis I and form a coenocytic dyad, and subsequently, meio-
sis II forms a coenocytic tetrad. After meiosis, three nuclei 
degenerate, and only one acts as a megaspore to originate 
a female gametophyte with monosporic origin. The nuclear 
degeneration process in the megasporogenesis of plants is 
conducted by programmed cell death, which plays a sig-
nificant role in forming the female gametophyte (Doronina 
et al. 2020). In Zea mays, the deaths of three megaspores 
are accompanied by aggregation of heterochromatin at the 
nucleus periphery and discharge of the plasmalemma from 
the cell wall (Russel 1979; Doronina et al. 2020). The causes 
that determine the fate of these cells have been poorly stud-
ied. In Arabidopsis, mutant plants with inactivated ICK/
KRPs (interactor/inhibitor of cyclin-dependent kinase 
(CDK)/Kip-related proteins) genes that are CDK inhibitors, 
and cell cycle regulators, more than one megaspore mother 
cell and functional megaspore were developed. Besides, the 
authors show that a positional signal and more than one ICK 
protein may occur, selecting the functional megaspore (Cao 
et al. 2018). In A. angustifolia, right after meiosis II was 
completed, three pycnotic nuclei showed shrinking, com-
pacting cell nuclei and peripheric position on the tetrad. 
Conversely, the viable nuclei presented two nucleoli indi-
cating nuclear activity, as described for functional nuclei 
(Shaw and Brown 2012).

The meiotic stages have not been observed in any other 
Araucariaceae species, and in the closed-related fam-
ily Podocarpaceae, no evidence of coenocytic tetrads was 
described. Instead, the authors showed the formation of a 

linear tetrad of megaspores in four species of Podocarpus 
(Del Fueyo 1999; Wilson and Owens 1999). In conifers, the 
formation of a coenocytic tetrad was only found in Cupres-
sus sempervirens. However, in this species, the female game-
tophyte is tetrasporic, given that the four nuclei contribute to 
female gametophyte formation (El Maâtaoui et al. 1998; El 
Maâtaoui and Pichot 1999). Regarding other gymnosperms, 
the classic literature only describes the occurrence of a tet-
rasporic female gametophyte in two genera of Gnetales, 
Welwitschia (Biswas and Johri 1997; Friedman 2015) and 
Gnetum (Carmichael and Friedman 1996). In Welwitschia, 
the observation of a coenocytic tetrad led the authors to 
conclude the tetrasporic origin of the female gametophyte, 
and no degenerative megaspores were described (Fried-
man 2015). Hence, although these two genera share many 
sexual reproduction aspects that differ from Ephedra and 
other gymnosperms, the megasporogenesis process in seed 
plants is likely much more variable than has been thought.

Our study also identified a thick cell wall with pec-
tic compounds and no signal of callose compound in the 
megaspore mother cell. This same pattern of the cell wall 
was observed until the end of the meiosis on the megaspore 
tetrad. In the same way, the ultrastructure analysis of the 
megaspore of Ginkgo biloba demonstrated a thick and com-
plex cell wall that presents a conspicuous middle lamella, a 
primary wall similar to the other ordinary cells, and an inner 
cell layer resembling the structure of the middle lamella 
(Stewart and Gifford 1967). The thickening cell wall of the 
megaspore is a general character of gymnosperms, which 
allows the cytoplasm to isolate itself to accomplish meiosis. 
Although the thick structure is constant between species, 
the cell wall composition may differ. In species that present 
callose wall deposits, the megaspore mother cells show this 
material for a short moment, however, this compound disap-
pears quickly after meiosis (Fiordi 1987). Callose isolates 
the viable megaspore from the degenerative ones, providing 
its vital activity to initiate female gametophyte development. 
Since A. angustifolia doesn't present cell walls isolating each 
megaspore within the tetrad, the ultrastructure analysis of 
megaspore development could provide the mechanism for 
functional megaspore selection.

A key event in the seed's evolution was the formation 
of the megaspores inside the ovule (Williams 2009). In the 
reproductive development of seed plants, the functional 
megaspore gives rise to a female gametophyte inside the 
ovule through multiple mitotic cycles. The conifer female 
gametophyte must move through several well-defined stages 
before it reaches maturity: free nuclear stage, cellulariza-
tion stage, and cellular growth stage (Maheshwari and Singh 
1967). Our study described the first steps of the free nucleus 
and cellular growth stages, including archegonium forma-
tion. In A. angustifolia, the first mitotic divisions of the 
female gametophyte development produced conspicuous 
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nuclei organized dispersedly. Some weeks later, hundreds 
of nuclei were formed, presenting compacted chromatin and 
organizing in a thin layer of cytoplasm that revest the inner 
wall of the coenocytic female gametophyte. This develop-
ment pattern was also described for many gymnosperms, 
which showed a large central vacuole that maintains the 
scanty cytoplasm at the female gametophyte periphery 
(Konar and Moitra 1980). After the coenocytic phase, the 
cellularization phase takes place. This phase is marked by 
alveolar growth in gymnosperms, except in Gnetum and Wel-
witschia (Maheshwari and Singh 1967). Because the alveoli 
present a specific development pattern, it is regarded as a 
fossil fingerprint (Rudall and Bateman 2019).

Except for angiosperms, Gnetum, and Welwitschia, all 
female gametophytes form archegonia, and according to 
Sokoloff and Remizowa (2021), this sexual organ presents a 
commonly developed motif called the “t-shape” pattern. Our 
data show that the archegonium of A. angustifolia presents 
the t-shape pattern once the first division of the archegonial 
initial is horizontal and the primary neck cell (upper cell) 
divides (vertically). The archegonium is a multicellular and 
three-dimensional organ that presents a precisely regulated 
cellular division in each plant group. Detailed studies on the 
ontogeny of this organ may help to understand the homolo-
gies of archegonium and embryo sac and may solve many 
questions about land plant evolution.

In the archegonium development of A. angustifolia 
described here, the ventral canal cell was not observed. In 
the same way, Burlingame (1914) didn’t notice this cell in 
A. angustifolia, and the ventral canal cell of Aghatis, which 
also belongs to Araucariaceae, was described as an ephem-
eral cell (Eames 1913). However, Owens et al. (1995a) 
identified a persistent ventral canal nucleus in A. austra-
lis (Owens et al. 1995a). The occurrence of ventral canal 
cells in other conifers, such as Podocarpaceae, is usually 
observed (Maheshwari and Singh 1967), as well as in Pinus 
and Abies (Sokoloff and Remizowa 2021). Still, Biswas and 
Johri (1997) point out questions about the regular formation 
of this cell in Taxus canadensis. Therefore, it is likely that 
for many conifers, the ventral canal cell presents an ephem-
eral behavior instead its complete absence, and probably the 
division of the central cell was missed in our study.

The number and arrangement of the neck cells of gym-
nosperms vary between plant lineages. In siphonogamous 
groups, such as conifers and Ephedra, the neck cells' con-
figurations seem even more plastic once these sets of cells 
play a role in pollen tube reception (Sokoloff and Remizowa 
2021). The necks cells of A. angustifolia are organized in 
one tier of 13 cells, which present a significant amount of 
starch grains at maturity. A. australis, even though jack cells 
and the egg cell present starch, this substance wasn´t found 
in the neck cells' cytoplasm (Owens et al. 1995b). In angio-
sperms, the pistil offers support and controls pollen tube 

growth. Therefore, the presence of starch in the neck cells of 
Araucaria agrees with the idea that the female gametophyte 
neck of conifers and Ephedra operates like angiosperm pol-
len-tube transmitting tissue (Sokoloff and Remizowa 2021).

Pollen tube growth in nucellar tissue

In gymnosperms, the usual pollination mechanism occurs 
when the pollen is carried through the micropyle and then 
to the nucellus by the pollination drops (Rudall and Bateman 
2007). In most of the conifers, the pollen grains germinate 
inside the ovule (Owens et al. 1995a), where it is hydrated, 
making the exine burst, allowing the projection of the intine, 
which will establish the pollen tube (Singh 1978; Owens 
et al. 1998; Fernando et al. 2010). Differently, in Araucari-
aceae as well as many Tsuga (Pinaceae) and Saxegothaea 
(Podocarpaceae) species, the pollen grain germinates extra-
ovulary (Singh 1978; Owens et al. 1998; Owens and Bruns 
2000; Fernando et al. 2005). In A. angustifolia, pollen grains 
laid on the ovuliferous scales germinate and grow toward the 
seed cone axis to reach the micropyle. Over this pathway, 
the pollen tube doesn’t branch as Konar and Oberoi (1969) 
suggested for Araucaria and Agathis.

Owens et al. (1995b) showed that the pollen grain of A. 
australis has a delay of about one to two months between 
the landing of the pollen on the scales until its gemination, 
and this time is like our results. The delay in the pollen tube 
emission through the scale probably occurs due to the hydra-
tion of the pollen grains on the scale of the seed cone instead 
on the nucellus. This pollination mechanism highlights the 
close relationship between favorable climatic conditions to 
successful germination.

In Cycadales and Ginkgoales, the pollen tube is exclu-
sively a vegetative structure and does not conduct the sperm 
cells to the egg cell (Rudall and Bateman 2007). The vegeta-
tive role of the pollen tube in these plants is linked with its 
haustorial behavior, which shows many branches in their 
pollen tubes while it is developing through the nucellus 
cells (Johri 1992). In conifers and Gnetales, pollen tubes 
display a siphonogamic role (Fernando et al. 2005). How-
ever, Pinaceae pollen tubes have been shown to branch 
(Dawkins and Owens 1993; Hiratsuka and Terasaka 2011). 
In those cases, the multiple branches observed in the pollen 
tube play a haustorial role, while the main branch, which 
holds the reproductive cells lineage, is siphonogamic (Hirat-
suka and Terasaka 2011). Within Araucariaceae, pollen 
tube branches have also been described in Aghatis (Owens 
et al. 1995a, b) and Araucaria (Burlingame 1913, 1915). 
Indeed, in our study, the pollen tube histologic serial section 
analyses lead to a misunderstanding of this structure once 
many tubes border each other in nucellar tissue. Through the 
three-dimensional reconstruction, we reevaluate the pollen 
tube growth of A. angustifolia, demonstrating that it doesn't 
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branch at nucellar tissue and evidences its straight trajectory 
toward the female gametophyte. The pollen tube behavior of 
A. angustifolia strengthens the idea that this structure has a 
primarily siphonogamic role. However, because the sperm 
cells do not form until 12 months after pollen germination, 
the pollen tube still performs a haustorial role. Therefore, 
the pollen tube growth in A. angustifoia differs from Aga-
this, highlighting a new pattern of growth in Araucariaceae. 
The analysis of pollen tube growth in other conifer species, 
especially Araucariaceae, may help to understand how this 
structure evolved in this family and conifers.

The pollen tube wall chemical composition in gymno-
sperms markedly differs from angiosperms, and specific pol-
len tube chemical composition patterns presented in different 
seed plant lineages may have taxonomic value (Yatomi et al. 
2002). The pollen tube of A. angustifolia shows the same 
chemical composition as the intine of mature pollen grains, 
as Kuhn et al. (2014) described, and slight differences were 
observed regards other gymnosperms. In A. angustifolia, 
the pollen tube wall has a homogeneous distribution of 
cellulose in all its extensions, as observed in Picea abies 
(Lazzaro et al. 2003). In a different way, calcofluor labeling 
in Picea wilsonii (Sheng et al. 2006) and Pinus sylvestris 
pollen tubes showed a lower density of cellulose microfib-
ers at the tube apex (Derksen et al. 1999). The pollen tube 
of Cycas revoluta, Ginkgo biloba, and 12 conifers species 
(representing four families) was stained with ruthenium 
red (Yatomi et al. 2002). Although the authors indicate that 
pectin content seems very rare in conifers species analyzed 
in this study, these data differ from A. angustifolia that do 
not stain with ruthenium red. The occurrence of callose, 
stained by aniline blue, in tube wall also varies between 
conifers. The absence of callose was highlighted in our data 
and most conifers studied by (Yatomi et al. 2002). Derksen 
et al. (1999) described the presence of callose in young parts 
of the pollen tube in Pinus silvestris, and (Chichiriccò et al. 
2009) detected this substance in the side of the pollen tube 
continuous to the intine.

Along its extension, the pollen tube wall composition 
of Gymnosperms is relatively homogeneous compared to 
Angiosperms, and this feature seems to be related to the 
slow growth of its pollen tube (Wallace and Williams 2017). 
On the other hand, the specific distribution pattern of cal-
lose and pectins in the pollen tube wall of Angiosperms is 
an essential trait to the fast growth of its pollen tube (Chebli 
et al. 2012).

The Angiosperms pollen tube presents a primary pecto-
cellulosic layer and a secondary callosic wall (Heslop-Har-
rison 1987). The callose wall is distributed on the pollen 
tube shank conferring resistance to tensile and compres-
sion stress (Parre and Geitmann 2005a). In contrast, the 
pectins present a gradient of apical esterified to distal 
de-esterified pectins, which provide, from the tip to the 

shank, an increase in the degree of cell wall rigidity and a 
decrease of visco-elasticity (Parre and Geitmann 2005b). 
The fast-growing pollen tube of Angiosperms, which 
greatly accelerate the fertilization process, is an important 
innovation in seed plants associated with the origin of the 
flowering plants (Wallace and Williams 2017).

The histochemical analysis made during the develop-
ment of the reproductive structures in A. angustifolia dem-
onstrated that synthesizing stored substances in nucellus 
cells is associated with pollen tube growth. Many studies 
have already revealed the presence of starch grains in the 
nucellar cells of gymnosperms. The mechanism of pol-
len tube intrusion was also associated with pollen tube in 
stylar transmitting tissue of angiosperm (e.g., Jensen and 
Fisher 1968). According to (Hiratsuka et al. 2002), the 
starch synthesis in the nucellus is spurred by pollination 
in Pinus densiflora; however, the pollen tubes gradually 
consume the starch grains by means of programmed cell 
death (PCD).

Conifers present a high diversity regards their pollination 
mechanism, and such range reflects in different traits of pol-
len morphology, seed cone morphology, and ovule structure 
(Owens et al. 1998). In some lineages, the pollen germina-
tion occurs right after its arrival in the ovule, while in others, 
the germination is postponed for weeks or months (Williams 
2009). The period between pollen germination and fertiliza-
tion also presents variation, which could extend for weeks or 
even months (Williams 2009). In A. angustifolia, fertiliza-
tion occurred 14 months after pollination, emphasizing the 
long-time reproductive cycle of this species.

Using several bioimaging techniques, we presented 
ontogenetic events of seed cone development in A. angus-
tifolia. We reported updates for the reproductive biology 
knowledge of this species from the ovule formation until 
pre-fertilization. Our observations show that the seed scale 
is born in the same primordium of the ovule, agreeing that 
this structure is part of the ovule itself and should be inter-
preted as the modified funiculus of the ovule. Along the 
ovule ontogeny, the formation of a coenocytic tetrad and 
the formation of the female gametophyte with monosporic 
origin was demonstrated. This process highlights a distinct 
pattern of female gametophyte origin that was never noticed 
in conifers. Besides, the three-dimensional reconstruction of 
the ovule revealed the presence of many pollen tubes grow-
ing in the nucellus. They border each other but have only one 
axis that extends straight toward the female gametophyte, 
performing a primarily siphonogamic role. The pollen tube 
growth in A. angustifolia differs from Agathis, highlighting 
a new growth pattern in Araucariaceae.
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Glossary

Archegonium	� The reproductive structure of the multi-
cellular female gametophyte that produces 
the egg cell.

Seed cone	� The compound reproductive structure of 
conifers in which each unit produces one 
or more ovules.

Seed cone unit	� Composed of a bract and all axillary struc-
tures (Herting and Stutzel 2022).

Seed Scale	� A single or multiple structures axillary to 
a bract and all axillary structures (Herting 
and Stutzel 2022).

Siphonogamy	� Oriented growth of the pollen tube to 
the female gametophyte. Sperm cells are 
not motile in lineages with this type of 
growth.

Coenocyte	� Cell with several nuclei without division 
of the cytoplasm.
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