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Pollen cone anomalies
in Pinus sylvestris and Tsuga canadensis (Pinaceae):
can they give new insights in the evolution
of microsporangiophores in conifers?
Abstract
In several pollen cones of Pinus sylvestris and Tsuga canadensis, in addition to the typical
hyposporangiate microsporangiophores forming usually two microsporangia, several anomalous
multisporangiate and perisporangiate microsporangiophores were also found. The results of the morphoanatomical investigations clearly show that the adaxial scutellum is formed by strongly reduced adaxial
microsporangia, which became sterile and scale-like. Thus, the adaxial scutellum does not represent the tip
of a possible microsporophyll. It could be also shown that the microsporangia are not formed by the
scutellum, but are formed by the central stalk of the microsporangiophore. Especially in distal
microsporangiophores the scutellum is nearly always strongly reduced or completely absent. In anomalous
terminal microsporangiophores found in Tsuga canadensis the stalk produced 1-3 distal microsporangia, but
a scutellum was not developed. No evidence was found supporting the idea that the hyposporangiate type of
microsporangiophores in Pinaceae is derived from a perisporangiate ancestral condition. The results deliver
several supporting arguments that the microsporangia bearing structure corresponds to a microsporophyll.
However, it still leaves open which part of the coniferous microsporangiophore is homologous to which part
of a microsporophyll.
Key words: cone, evolution, conifers, Pinus, Tsuga, sporangiophore.
1 Introduction
In Pinaceae the male reproductive structures are arranged in compact strobili, the so called “pollen
cones”. All pinaceous pollen cones are unbranched structures consisting of a central cone axis and
several spirally inserted sporangiophores (e.g. Lotsy 1911; Krüssmann 1955, 1983; Coulter &
Chamberlain 1917; Sporne 1965; Dallimore & Jackson 1966; Mirov 1967; Liu 1971; Farjon 1984, 1990,
2005, 2010; Eckenwalder 2008). Within pinaceous pollen cones, bracts and terminal microsporangiophores are always lacking (e.g. Pilger 1926; Farjon 1990; Mundry 2000). Branched pollen cones as
developed in some Taxaceae and Cupressaceae (e.g. Lemoine-Sebastian 1967; Wilde 1975; Mundry &
Mundry 2001; Farjon 2005; Eckenwalder 2009; Dörken et al. 2011; Schulz et al. 2014) are always
absent in Pinaceae. Among extant Pinaceae the pollen cones differ significantly in size and shape from
each other. Pollen cones in e.g. Cathaya argyrophylla are column-like, up to 70 mm long and consisting
of 97-152 hyposporangiate microsporangiophores (Dörken & Nimsch 2015a). Pollen cones in e.g.
Tsuga canadensis, however, are about 5-7 mm long and consist of 10-14 hyposporangiate
microsporangiophores.
Within pollen cones of extant Conifers two different types of microsporangiophores are developed:
(1) perisporangiate, radial sporangiophores, with sporangia all around a central stalk;
(2) hyposporangiate, dorsiventral sporangiophores, with sporangia only on the abaxial side of a
central stalk and an adaxial scutellum. The majority of extant Conifers are hyposporangiate. In Pinaceae
only hyposporangiate sporangiophores are developed with always two abaxial microsporangia.
Perisporangiate microsporangiophores as developed within Taxaceae (e.g. Wilde 1972; Mundry &
Mundry 2001; Dörken et al. 2011; Schulz et al. 2014; Dörken & Nimsch 2015b) are always absent in
Pinaceae. Even today the “true nature” of coniferous microsporangiophores is still discussed
controversially; two conflicting major hypotheses exist:
(1) all microsporangiophores are homologous structures; the hyposporangiate (dorsiventral) type is
derived from a perisporangiate one (e.g. Wordsell 1901; Dupler 1919; Dluhosch 1937);
(2) perisporangiate microsporangiophores represent a radial synangium consisting of several
dorsiventral reduced microsporangiophores (e.g. Thomson 1940; Wilde 1975; Mundry & Mundry 2001;
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Dörken et al. 2011; Dörken & Nimsch 2015b). For Taxaceae it could be shown that the perisporangiate
microsporangiophores represent radial synangia, consisting of several fused hyposporangiate
microsporangiophores (Dörken & Nimsch 2015b). When regarding only typical shaped pollen cones
and microsporangiophores, it is nearly impossible to make suggestions about the evolutionary pathway
of pinaceous pollen cones and their sporangiophores. By chance several anomalous pollen cones in
Pinus sylvestris and Tsuga canadensis were found, for example cones terminating with a
microsporangiophore or cones forming multisporangiate microsporangiophores with a varying number
of microsporangia instead of the typical two. Some of the anomalies seem to be quite helpful for
suggesting evolutionary scenarios. The morpho-anatomical investigations will focus mainly on the
question do the microsporangiophores correspond to microsporophylls and if so which parts in
microsporangiophores and microsporophylls are homolog to each other. Furthermore the investigations
should solve if the central stalk or the adaxial scutellum is responsible for producing the
microsporangia. Investigations will be done with SEM and paraffin technique.
2 Material & Methods
2.1 Material
To exclude the possibility that the detected anomalies were random artifacts depending on genetic
mutations or disturbances in the physiology of a single individual, pollen cones were collected from 10
different trees per species and also from different branches within the crown. Typical and anomalous
pollen cones of Pinus sylvestris L. were collected from trees growing on the campus of the University of
Konstanz (Germany). Tsuga canadensis (L.) Carrière was collected from trees cultivated in the Botanic
Garden of the Ruhr-University Bochum (Germany), the Heinrich-Heine University Düsseldorf
(Germany) and also on the Isle of Mainau (Konstanz, Germany).
2.2 Methods
Freshly collected material was photographed and then fixed in FAA (100 ml FAA = 90 ml 70%
ethanol + 5 ml acetic acid 96% + 5 ml formaldehyde solution 37%) before being stored in 70% ethanol.
The cone anatomy was studied from sections using the classical paraffin technique and subsequent
astrablue/safranin staining (Gerlach 1984). For SEM-analysis the FAA-material was dehydrated in
formaldehyde dimethyl acetal (FDA) for at least 24 hours (Gerstberger & Leins 1978) and critical point
dried. Sputter coating was done with a sputter coater SCD 50 BAL-TEC (BALZERS). The pollen cones
were examined with an AURIGA ZEISS TM. Microphotography was accomplished using a digital
microscope (KEYENCE VHX 500F) equipped with a high-precision VH mounting stand with X-Y stage
and bright field illumination (KEYENCE VH-S5).
2.3 Special terms
Most authors regard the coniferous microsporangiophores as microsporophylls. Here I avoid using
the term “sporophyll” or “microsporophyll” for the sporangia bearing structure as otherwise a homology
that is applied to it would be introduced a priori. In general it is also still unclear which parts within the
microsporangiophore can be regarded as homologous to which part of a leaf. Thus, the green adaxial
scale-like structure in hyposporangiate microsporangiophores will be termed as scutellum and not as
“phylloid rest” as is frequently done.
3 Results
Different types of pollen cone anomalies were found which can be classified into two morphological
groups.
3.1 Anomalous multisporangiate microsporangiophores
3.1.1 Pinus sylvestris
Pollen cones of Pinus sylvestris consist of several spirally arranged hyposporangiate microsporangiophores. Each microsporangiophore consists usually of two abaxial sporangia and a distinct adaxial
scutellum (fig. 1). Within 8.5% of the 300 investigated pollen cones, microsporangiophores bearing
more than the usual two sporangia were found (figs 2E & F). They are developed in all regions of the
pollen cone, but most frequently in distal parts (figs 2B-F). The majority of the multisporangiate
microsporangiophores had three sporangia (figs 2A-D). The sporangia and the adaxial scutellum are
similar in size and shape to these formed in typical bisporangiate microsporangiophores. Anomalous
multisporangiate microsporangiophores bearing four sporangia were only found in most distal parts of
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the pollen cones close to the tip of the cone axis (figs 1E & F). The scutellum of these
microsporangiophores is deeply notched into two halves. Each of the halves is fused with two
microsporangia (fig. 1F). The sporangia have the same dimensions as those of typical microsporangiophores.
3.1.2 Tsuga canadensis
Typical pollen cones of Tsuga canadensis consist of a varying number of spirally arranged,
hyposporangiate microsporangiophores, each of them bearing two sporangia and a small adaxial
scutellum (fig. 3). The scutellum is generally quite small (figs 3A-E). In 7% of the 300 investigated
pollen cones, also some lateral microsporangiophores showing 3 fertile sporangia (fig. 4) were found.
The adaxial scutellum is nearly completely reduced. These anomalous microsporangiophores are
supplied with a single collateral vascular bundle strand.
3.2 Formation of an anomalous terminal microsporangiophore
3.2.1 Tsuga canadensis
In typical pollen cones, the microsporangiophores are developed exclusively lateral at the cone axis
(fig. 5), so that the apex of the cone axis can still be observed as a small tip (fig. 5C). In 8% of the 300
investigated pollen cones a terminal microsporangiophore was developed at the end of the cone axis
(fig. 6). Most of the terminal microsporangiophores are perisporangiate. All sporangia are fertile. Apart
to the perisporangiate type some terminal microsporangiophores were found consisting only of a stalk
and 1 (figs 6E & F) or 2 (fig. 6D) sporangia. A scutellum is not developed.
4 Discussion
Within Conifers the morphological identity of the microsporangium-bearing structure is still
controversial. Even defining a clear border between the different parts within the microsporangiophores
e.g. between the central stalk and the scutellum is very difficult. Thus, it is still quite problematic to
determine if the microsporangiophores are displaying homologous structures among all extant Conifers
(Schulz et al. 2014). Several authors regard the microsporangiophores in Conifers as reduced fertile
leaves. Thus they are often called “microsporophylls” (e.g. Lotsy 1911; Krüssmann 1955, 1983; Coulter
& Chamberlain 1917; Sporne 1965; Dallimore & Jackson 1966; Mirov 1967; Liu 1971; Farjon 1984,
2005, 2010: 1990; Eckenwalder 2009). However, the terminal position of microsporangiophores at the
cone axis as found in some anomalous shaped pollen cones of Tsuga canadensis would exclude a leaf
character for this structure, because leaves are always developed as lateral organs at the apex and can
therefore never be developed terminal. However, they can be shifted by secondary growing processes
out of the primary lateral position into a terminal one. Within mature pollen cones it cannot be
recognized if the terminal position is the original one or if the sporangiophore has secondarily been
shifted out of its original lateral position into the terminal one. This can only be solved in ontogenetic
studies, but these anomalies are too rare, so that ontogenetic studies are nearly impossible. Such
anomalous terminal microsporangiophores were described also for other coniferous groups, e.g.
Podocarpus (Dörken & Nimsch 2015c). Terminal microsporangiophores are usually absent in Pinaceae,
but typical for pollen cones of Cephalotaxus and Torreya (Taxaceae). In both Cephalotaxus and
Torreya the terminal perisporangiate microsporangiophore represents a radial synangium consisting of
2-4 fused hyposporangiate microsporangiophores that get in physical contact and finally fuse to a single
radial structure (Dörken & Nimsch 2015b). Depending on the number of hyposporangiate
microsporangiophores that are involved in forming the perisporangiate terminal microsporangiophore
the number of vascular bundle strands supplying the microsporangiophore varies strongly. Thus, the
perisporangiate microsporangiophores in Taxaceae do not represent a peltate-like microsporophyll
(Dörken & Nimsch 2015b). The anomalous perisporangiate terminal microsporangiophores found in
Tsuga canadensis are quite different from that. In Tsuga canadensis the perisporangiate
microsporangiophore are supplied by only a single collateral vascular bundle strand as is typical for
hyposporangiate microsporangiophores. There is no evidence to regard the anomalous perisporangiate
microsporangiophores of Tsuga canadensis as a Taxaceae-like radial synangium. Thus, two completely
different development pathways are distinguishable between perisporangiate microsporangiophores of
Taxaceae on one side and the anomalous perisporangiate ones in Tsuga canadensis on the other side.
The results clearly show that in Tsuga canadensis the third adaxial microsporangium does not belong to
a possible second, fused microsporangiophore. Here the central stalk developed a further fertile
microsporangium instead of an adaxial scutellum. This explains why only a single collateral vascular
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bundle is developed within the anomalous perisporangiate sporangiophores of Tsuga canadensis. The
collateral structure of the vascular bundle indicates that the sporangia bearing structure has to be a leaf
and excludes a shoot- or synangium-character. It remains, however, open, which part of the
microsporangiophore belongs to which part of the leaf.
Within extant Conifers forming hyposporangiate microsporangiophores the number of
microsporangia developed per sporangiophore varies strongly between the different systematic groups.
Among e.g. Pinaceae, Sciadopityaceae and Podocarpaceae the microsporangiophores are always
bisporangiate as is also the case for some taxa within Cupressaceae (e.g. Athrotaxis and some Cupressus
species). However, in most Cupressaceae and Taxaceae the number of sporangia developed per
hyposporangiate microsporangiophore varies strongly not only between the different taxa, also even
within a single pollen cone (Farjon 1984, 1990, 2010). In several of the investigated pollen cones of
Pinus sylvestris (fig. 2) and Tsuga canadensis (fig. 4) also several multisporangiate sporangiophores
bearing 3 or 4 microsporangia, were inserted lateral at the cone axis. Within Tsuga canadensis the
number of anomalous multisporangiate microsporangiophores was especially high. Such multisporangiate microsporangiophores are also described for other Pinaceae e.g. Picea asperata (Mundry 2000)
and Cathaya argyrophylla (Dörken & Nimsch 2015a). Within several of the lateral anomalous Tsuga
canadensis microsporangiophores showing 3 instead of the usually 2 sporangia, the additional third
fertile one is developed exactly in the position where usually the scutellum would be formed. It seems
that in Pinaceae the scutellum is formed by a reduced microsporangia that becomes sterile and scalelike. This is conforming to the results of earlier studies on microsporangiophores in Pseudotaxus
(Taxaceae). Dörken & Nimsch (2015b) found apart from the typical perisporangiate microsporangiophores, several anomalous hyposporangiate ones with a distinct adaxial scutellum that is
varying strongly in size and shape. It could be shown that in these anomalous hyposporangiate
microsporangiophores the adaxial scutellum is formed by strongly reduced adaxial microsporangia,
which became sterile. This explains why the abaxial microsporangia are not attached to the adaxial
scutellum but exclusively to the central stalk. In this case the adaxial scutellum does not represent the tip
of a possible microsporophyll. Some of the detected multisporangiate microsporangiophores of Pinus
sylvestris are representing a fusion product of 2 hyposporangiate microsporangiophores that were fused
laterally to each other so that the adaxial scutellum is still developed (figs 2E & F). Thomson (1940)
observed such fusions at or near the apex of the pollen cones in all coniferous families. Such fusions are
representing a simple contact parastichy of directly neighboured microsporangiophores and not of
ontogenetic subsequent microsporangiophores. Their fusion takes place in earliest ontogenetic stages
favoured by the broad bases of the central stalk of the microsporangiophores and due to a lack of space
in distal parts of the cone axis. First, within a parastichy the primordia of directly neighboured
microsporangiophores get in physical contact. Secondary, they fuse completely with each other so that
the fusion product has only a single very broad stalk and also a very broad but conspicuously notched
scutellum (figs 2E &F). Each half of the scutellum belongs to one of the involved
microsporangiophores. Such contact parastichys are also random accidental artifacts and therefore
without evolutionary relevance.
Apart from the strongly varying number of sporangia per microsporangiophore, the size and shape
of the scutellum varies significantly between extant Conifers. Within the investigated anomalous
multisporangiate microsporangiophores of Tsuga canadensis and Pinus sylvestris the central sporangia
are not fused with the scutellum as is a typical feature for microsporangiophores forming usually more
than 2 sporangia (e.g. several Cupressaceae). The central sporangia are exclusively attached to the stalk,
as is also the case in the investigated Pinus sylvestris (figs 2A-D) and Tsuga canadensis (figs 2A-E).
Especially at microsporangiophores developed in distal parts of the pollen cone the scutellum is mostly
completely reduced so that only stalked microsporangia are formed (figs 6D-F). This clearly indicates
that microsporangia are not formed by the scutellum but by the central stalk of the microsporangiophore. This idea is supported by anomalous terminal microsporangiophores of Tsuga canadensis,
consisting of only a stalk and distal sporangia. Especially the anomalous microsporangiophores
consisting of a central stalk terminating with a single microsporangium demonstrate quite well that the
scutellum is not needed for forming the microsporangia (figs 6E & F).
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Fig. 1: Pinus sylvestris.
Lateral view of typical pollen cones carrying several spirally arranged hyposporangiate
microsporangiophores; each sporangiophore with two sporangia and a distinct adaxial scutellum.
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Fig. 2: Pinus sylvestris.
Pollen cones with anomalous multisporangiate microsporangiophores showing three (A-D) or four
(E & F) sporangia and a distinct scutellum; scutellum at microsporangiophores with four sporangia
deeply notched (E & F); for a better overview some microsporangiophores removed.
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Fig. 3: Tsuga canadensis.
Typical pollen cones in lateral view; the cones consist of several hyposporangiate
microsporangiophores; each with two microsporangia and a small adaxial scutellum (A-E);
longitudinal section of a pollen cone (F).
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Fig. 4: Tsuga canadensis.
Pollen cones with anomalous microsporangiophores showing three instead of the usual two
sporangia (A-E); all 3 sporangia are fertile (F).
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Fig. 5: Tsuga canadensis.
Top view of typical shaped pollen cones; a terminal microsporangiophore is always absent,
sometimes the tip of the cone axis can be observed (C, arrow).
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Fig. 6: Tsuga canadensis.
Anomalous shaped pollen cones terminating with a sporangiophore; within most of the
microsporangiophores three sporangia are developed; the scutellum is strongly reduced (A-C);
within microsporangiophores showing two (D) or one (E-F) sporangia, a scutellum is absent.
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