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Reproductive morphology in the Gnetum cuspidatum group (Gnetales)
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Background and aims — The Gnetales include the extant genera Gnetum, Ephedra and Welwitschia. They
are usually functionally dioecious, but male cones often have sterile (but pollination drop-producing)
ovules in addition to male units. There are, however, exceptions, i.e. most species of Ephedra and African
species of Gnetum. Furthermore, the literature contains conflicting information on the Asian Gnetum
cuspidatum. One study states that sterile ovules are present in this species; another that they are absent. The
latter also claims that male cones secrete nectar instead, which is interesting because nectar has only been
suggested to be present in four gymnosperm species. Here we aim to elucidate whether or not sterile ovules
are present in male cones of G. cuspidatum and related taxa, evaluate evidence for nectar being present in
gymnosperms and discuss implications for pollination biology.

Methods — Male cones from relevant taxa were examined using a dissecting microscope and scanning
electron microscopy.

Keyresults — Sterile ovules are present in G. cuspidatum and the related G. macrostachyum, G. microcarpum,
G. diminutum and G. loerzingii, but they are minute, hidden among hairs, and easily overlooked. No
indications of nectar or nectaries were found and their presence in Asian species of Gnetum is questioned.
Conclusions — Insect pollination is probably ancestral in the Gnetales. Like most species of Gnetum,
members of the G. cuspidatum group have sterile ovules in male cones, and they can thus attract pollinators
to both male and female plants using sweet pollination drops. Although it is possible that these species, in
addition, produce extraovular reward for pollinators, we find no such evidence. Instead, it seems plausible
that pollination drops have been mistaken for (extraovular) nectar. However, African species of Gnetum
have unisexual male cones. Have they developed another means of pollinator reward in male plants or are
they wind-pollinated as are their ephedran analogues?
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INTRODUCTION

The enigmatic plant order Gnetales continues to engage plant
systematists. These peculiar seed plants include the extant
genera Gnetum L. (c. forty species), Ephedra L. (c. sixty
species) and the monotypic Welwitschia Hook.f. Gnetum is
distributed in tropical rainforests in South America, Africa
and Southeast Asia. Ephedra consists of plants that live in
arid environments in Asia, Europe, northern Africa, western
North America and South America. Welwitschia mirabilis
Hook.f. is endemic to the Namib Desert.

The Gnetales are clearly monophyletic (Crane 1985,
Doyle 1996, Price 1996, Chaw et al. 1997, 2000), but their re-
lationship to other seed plants has long been uncertain. They
share some morphological similarities with the angiosperms,
such as a form of double fertilization (Friedman 1990, Fried-

man & Carmichael 1996, Carmichael & Friedman 1996) and
vascular tissue that resembles that found in the angiosperms
(MacDuffie 1921, Muhammad & Sattler 1982). In fact, the
Gnetales also have, as have the angiosperms, enclosing struc-
tures around the ovules/seeds (i.e. seed envelopes) (figs 1, 2
& 3A-C), but all these structures differ in details from those
of angiosperms (see e.g. Thompson 1918, Endress 1996) and
most scientists consider the similarities examples of conver-
gent evolution. In support of this, studies based on molecular
data place the Gnetales among gymnosperms (Chaw et al.
1997, 2000, Hansen et al. 1999, Bowe et al. 2000, Hajibabaei
et al. 2006, Rydin & Korall 2009). There are also morpho-
logical similarities between the Gnetales and other gymno-
sperms, although many are plesiomorphic. One example is
the presence of pollination drops, since long recognised as an
ancient feature in seed plants (Doyle 1945, Rothwell 1977).
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The taxonomy of Gnetum, the genus in focus in the pre-
sent study (fig. 1), is insufficiently determined. The latest
monograph of the genus with thorough species descriptions
was made a long time ago (Markgraf 1929), and several spe-
cies have been described since. Markgraf (1929) divided the,
at the time, 28 species into two sections, which in turn were
divided into two and three subsections respectively. Hou et
al. (2015) have, based on molecular data, confirmed some of
the sections and subsections and questioned others, and the
credibility of species delimitations can often be questioned.
A taxonomic revision of Gnetum is thus needed.

Gnetum (as well as the entire Gnetales and several other
gymnosperms) are dioecious, or rarely monoecious (Hooker
1890, Pearson 1929, Fu et al. 1999). In Gretum the repro-
ductive structures are arranged in lax and elongated spike-
like “cones”, in which male and/or female units are posi-
tioned together with hair-like extensions at several distinct
“levels”, on so-called collars (Strasburger 1872, Lotsy 1899,
Thompson 1916, Markgraf 1929, Pearson 1929, Maheshwari
& Vasil 1961). The collars have one of two different shapes
(fig. 1A—C) and this character forms the basis for Markgraf’s
(1929) taxonomic classification: G. sect. Gnemonomorphi
Markgr. (= G. sect. Erecta Griff.; Griffith 1859), G. sect.
Gnetum (Price 1996), and G. sect. Cylindrostachys Markgr.
(= G. sect. Scandentia Griff.; Griffith 1859). The former sec-
tion has low, disk-shaped and distinctly separated collars and
the latter has densely placed and cylindrical to funnel-shaped
collars (Markgraf 1929). The male cones are morphological-
ly bisexual but functionally unisexual. On each collar, male
units are arranged in three to six whorls (Strasburger 1872,
Lotsy 1899, Thompson 1916, Markgraf 1929, Pearson 1929,
Maheshwari & Vasil 1961, Endress 1996) (fig. 1). The mi-
crosporangiophores, usually with two distally positioned mi-
crosporangia, are enclosed in fused bract pairs, from which
they protrude when mature (fig. 1A). Distally of the male
units there is normally a whorl of female units (Strasburger
1872, Lotsy 1899, Thompson 1916, Markgraf 1929, Pearson
1929, Maheshwari & Vasil 1961), each comprising an ovule
surrounded by bract-derived seed envelope(s). The female
cones, on the other hand, are both functionally and morpho-
logically unisexual and have usually only one whorl of fertile
female units on each collar (Strasburger 1872, Lotsy 1899,
Thompson 1916, Markgraf 1929, Pearson 1929, Maheshwari
& Vasil 1961). For simplicity, we will refer to female units as
‘ovules’ even though gnetalean ovules are enclosed in seed
envelopes.

As mentioned above, the Gnetales (as most other gym-
nosperms) have pollination drops (fig. 1A & B) produced by
the nucellus (Strasburger 1872, Pearson 1929, Ziegler 1959,
Takaso 1990). The main function of the pollination drops
is to receive pollen and transport it through the micropyle
to the nucellus (Strasburger 1872, Doyle 1945, Nepi et al.
2009). In the Gnetales, the pollination drop is sweet, which
indicates an additional function, namely as reward for pol-
linators (Karsten 1893, van der Pijl 1953, Ziegler 1959,
Kato et al. 1995, Endress 1996). An entomophilous pollina-
tion system is common among angiosperms but in gymno-
sperms it is only present in the Gnetales (Porsch 1910, van
der Pijl 1953, Bino et al. 1984a, 1984b, Kato & Inoue 1994,
Kato et al. 1995, Wetschnig & Depisch 1999) and in the Cy-
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cadales (Norstog 1987, Tang 1987, Mound & Terry 2001,
Wilson 2002). In Gnetum, the pollination biology has only
been investigated in three Asian species, Gnetum gnemon L.,
G. cuspidatum Blume and G. luofuense C.Y. Cheng but the
observations indicate pollination by nocturnal insects (van
der Pijl 1953, Kato & Inoue 1994, Kato et al. 1995, Corlett
2001). Pollen grains of Gnetum are sticky although they lack
pollenkitt (Hesse 1980), and they have a spinulose surface
(fig. 3E & F) (Gillespie & Nowicke 1994). Furthermore the
cones secrete an easily detectable scent, which additionally
indicates an entomophilous pollination system (van der Pijl
1953, Kato & Inoue 1994, Kato et al. 1995, Endress 1996).

Species with sterile ovules in the male cones occur in
all extant gnetalean genera. This common theme has often
been considered analogous rather than homologous because
the bisexuality is at different levels of organization in Wel-
witschia compared to Ephedra and Gnetum (topic reviewed
e.g. by Martens 1971, Crane 1985, Endress 1996). However,
it has also been argued that the feature nevertheless is ho-
mologous and evolved through considerable reduction of
reproductive branching systems with proximal male cones
and distal female cones (Mundry & Stiitzel 2004). In male
cones of Welwitschia, each reproductive unit is morphologi-
cally bisexual and has a distal sterile ovule surrounded by
six microsporangiophores (Hooker 1863, Pearson 1929).
In Ephedra there is only one extant species that has sterile
ovules in the male cones, namely Ephedra foeminea Forssk.
(C. Rydin, Stockholm University, Sweden, unpubl. res.; see
also Porsch 1910, Endress 1996), the sister of the remain-
ing Ephedra species (Rydin & Korall 2009). By contrast, al-
most all Gretum species (where the male cones are known)
have male cones with sterile ovules (Pearson 1912, Markgraf
1929, Markgraf 1972, Fu et al. 1999). As in Ephedra but in
contrast with Welwitschia, reproductive units of Gnetum are
unisexual, i.e. the ovules with surrounding seed envelopes
each constitute separate reproductive units.

Even though the ovules of male plants cannot produce
viable seeds (Haycraft & Carmichael 2001) they secrete
pollination drops. This means that insects are attracted to
both male and female plants of Gnetum, despite the fact that
the plants are functionally unisexual. There are, however,
some exceptions. The African species, G. africanum Welw.,
G. buchholzianum Engl., G. interruptum E.H.Biye and
G. latispicum E.H.Biye have morphologically unisexual
male cones (Pearson 1912, Markgraf 1929, Biye et al.
2014). Pearson (1912: 614) reports only a single exception
to this common theme, seen in a specimen of G. africanum.
In addition, the literature contains conflicting information
on the Asian species G. cuspidatum. One study claims that
sterile ovules are present in its male cones (Markgraf 1929);
another says they are absent (Kato et al. 1995). The reported
lack of ovules in male cones of some species is interesting
because such species cannot attract pollinators to male plants
by the use of pollination drops. Kato et al. (1995) claim that,
instead of pollination drops, extraovular nectar is secreted
between the microsporangiophores and on the collars of
G. cuspidatum. They further state that their other study
object, Gnetum gnemon L. var. tenerum Markgr., secretes a
very small amount of nectar on the bract pairs that enclose
the microsporangiophores. There are, however, no photos or
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Figure 1 — Gross morphology of Gnetum: A, Gnetum gnemon, two male cones with male units (each comprising a microsporangiophore
enclosed in a fused bract pair) and female units (each comprising a sterile ovule enclosed in a bract-derived seed envelope) on collars; B,
Gnetum gnemon, showing pollination drops secreted by the sterile ovules; C, Gnetum cuspidatum, parts of a male cone (Korthals s.n., S).
Microsporangial bract pairs are visible between collars. On the distal-most collar, hairs are exposed; D, Gnetum cuspidatum, field photo of
young male cone (Photograph: Johannes Lundberg, Swedish Museum of Natural History).
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Figure 2 — Transverse section of a male cone of G. cuspidatum
(Korthals s.n., S). Female units (i.e. sterile ovules enclosed in a
bract-derived seed envelope) are arranged in a whorl above the
whorls of male units (each comprising a microsporangiophore
enclosed in a fused bract pair). To make the ovules visible, most of
the hairs were removed but the photo still shows some remaining
hairs. Scanning electron micrograph composed of four separate
photos. Abbreviations: s.o0. = sterile ovule; b = bract of male unit; h
= hairs. Scale bar: 2 mm.

other documentation that supports these statements. Corlett
(2001) writes that also G. luofuense secretes nectar but it is
not specified from where it comes. The lack of supportive
data and photos in these studies is unfortunate because
nectar/nectaries have only been suggested present in four
gymnosperms: G. cuspidatum (Kato et al. 1995), G. gnemon
var. tenerum (Kato & Inoue 1994, Kato et al. 1995),
G. luofuense (Corlett 2001) and Ephedra aphylla Forssk.
(Bino et al. 1984a, 1984b). Otherwise, nectar and nectaries
or equivalent structures are present only in angiosperms
(Nepi et al. 2009). As in those studies and most studies in the
literature, we define nectar as a source of pollinator reward
that is not a pollination drop. Although the sweet pollination
drops of the Gnetales could be functionally considered a kind
of ‘nectar’ they are typically not named so because pollination
drops are present in almost all gymnosperms, including
the wind-pollinated conifers and Ginkgo. Pollination drops
of most gymnosperms have a low sugar concentration and
their function is in most cases not that of pollinator reward
(see also Nepi et al. 2009 and above). In passing, it should
be mentioned that there are structures in some ferns that are
called nectaries (Koptur et al. 1982). These are unlikely to
be homologous with nectaries in angiosperms, nor do they
have any function for pollination as ferns lack pollen and the
reproductive system of seed plants.

Hence, the questions addressed in the present study are:
Does G. cuspidatum lack sterile ovules in its male cones? If
they are absent, what structure secretes the sweet liquid that
has been repeatedly observed on their male cones? What is
this ‘nectar’ that Kato et al. (1995) speak of and from where
is it secreted? These questions are important, partly to find
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Table 1 — Study material.

*Even though this specimen could not be determined to G. diminutum
with certainty, it most probably belongs in clade N of Hou et al.
(2015) and is therefore used in the present study. For simplicity, it is
referred to as G. diminutum in the text.

Voucher Species Determinavit
Korthals s.n. (S) G. cuspidatum Blume R. Florin
Singh 27411 (L) G. cuspidatum Blume F. Markgraf
Meijer 3124 (L) G. loerzingii Markgr. F. Markgraf
Meijer 1964a (L) G. macrostachyum Hook.f. F. Markgraf
Larsen et al. 41375

(MO) G. macrostachyum Hook.f. H. Won

?]Slm et al. 93873 G. cf." diminutum Markgr. Amin et al.
go)stermans 1372 G. microcarpum Blume F. Markgraf

out who is right about the sterile ovules in G. cuspidatum,
Markgraf (1929) or Kato et al. (1995), but also as a foun-
dation to understand mechanisms and patterns of pollination
biology in the Gnetales and other seed plants.

MATERIALS AND METHODS

Since the taxonomy is uncertain and species determination
in Gnetum can be difficult, we have chosen to examine both
G. cuspidatum and some closely related taxa (clade N in
Hou et al. 2015, and the corresponding “cuspidatum clade”
in Won & Renner 2006). We selected material determined
by specialists of the Gnetales, such as F. Markgraf and R.
Florin, whenever possible. We investigated seven herbarium
specimens (from L, MO and S; acronyms following Thiers
2015) representing the G. cuspidatum group (two of G. cus-
pidatum, one of G. diminutum Markgr., two of G. macro-
stachyum Hook.f., one of G. microcarpum Blume and one of
G. loerzingii Markgr.) (table 1). The latter species has never
been included in a phylogenetic study but is, according to
Markgraf (1929), closely related to the others.

Male cones were dissected and observed using a stereom-
icroscope (Nikon SMZ800), a light microscope (Zeiss Axi-
ostar) and two scanning electron microscopes (JEOL JSM-
7401F and Hitachi TM 3000). The material was softened in
hot water and detergent and morphological structures were
prepared by using a pair of tweezers and a razor blade. For
scanning electron microscopy, dry plant material was mount-
ed on aluminium stubs using sticky tape, and sputter coated
with gold particles for 55 s at 10 mA. Micrographs were tak-
en to illustrate the structures.

RESULTS

General description of reproductive morphology in the
examined taxa

All specimens had densely placed cylindrical to funnel-
shaped collars. In each collar there was normally a single
whorl of female units (sterile ovules surrounded by seed
envelopes) distal to several whorls of male units (bract-mi-
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crosporangiophore complexes) (fig. 2). Surrounding these
structures there was a variable number of multicellular, un-
branched, uniseriate hairs (figs 1C & 2). Longitudinal sec-
tions of the sterile ovules were made to verify that these
structures in fact were ovules, especially since G. cuspida-
tum (Singh 27411, L) had some ovules with an outer shape
similar to that of the fused bract pairs that enclose the mi-
crosporangiophores (compare fig. 3A & D). The sections
revealed ovules with a single seed envelope, an integument
that is apically extended to form a micropylar tube, and a
nucellus (fig. 3A—C).

Species descriptions of male reproductive morphology of
examined specimens

Gnetum cuspidatum, Korthals s.n. (S) — The male cones,
which were close to pollination stage of development, were
at least 3 cm long (incomplete information) and 4-5 mm
wide; there were at least 10 collars (incomplete information);
hairs were abundantly present and consisted of elongated
cells; there were about 20 sterile ovules in a single distal
whorl, obliquely ovoid but laterally flattened and with a pro-
tracted acuminate apex, 1.3 mm long and 0.6-0.7 mm wide
at their widest point.

Gnetum cuspidatum, Singh 27411 (L) — The male cones,
which were close to pollination stage of development, were
at least 2 cm long (incomplete information) and 4-5 mm
wide; there were at least 9 collars (incomplete information);
hairs were abundantly present and consisted mostly of round-
ed cells but elongated cells occurred too; there were about
30 sterile ovules arranged in 2(-3) whorls, obliquely and
narrowly obovoid but laterally flattened and with an acute-
rounded-truncate apex, 1-1.3 mm long and 0.4-0.5 mm wide
at their widest point.

Gnetum loerzingii, Meijer 3124 (L) — The male cone was
clearly fertile with protruding microsporangiophores, and
was approximately 3 cm long and 6—7 mm wide; there were
11 collars; hairs were abundantly present and consisted of
both rounded and elongated cells; there were about 20 sterile
ovules in a single distal whorl, obliquely and narrowly ovoid
but laterally flattened and with a protracted acuminate apex,
1.3—1.8 mm long and 0.3— 0.6 mm wide at their widest point.

Gnetum macrostachyum, Meijer 1964a (L) — The develop-
mental stage of the cones was unclear, but probably juvenile,
due to the fact that the collars were tightly spaced and cylin-
drical, enclosing the reproductive structures completely. The
male cones were 7-9 cm long and 7 mm wide; there were
17 collars; hairs were richly present but less than in previ-
ous specimens, and consisted of elongated cells; there were
about 20 sterile ovules in a single distal whorl, obliquely
ovoid but laterally flattened and with a rounded-acute apex,
1-1.3 mm long and 0.4-0.6 mm wide at their widest point.

Gnetum macrostachyum, Larsen et al. 41375 (MO) — The
male cones were probably in a juvenile stage due to the fact
that the collars were still stacked together. The male cones
were 2.2-2.5 ¢cm long and 5—6 mm wide; there were 15-17
collars; hairs were richly present but, as in the former, less
than in previous specimens, and consisted of elongated cells;
there were about 25 sterile ovules, obliquely and narrowly

ovoid with an acute apex, 0.6 mm long and 0.2 mm wide at
their widest point.

Gnetum diminutum, Amin et al. 93873 (L) — The male
cones were probably in a juvenile stage due to the fact that
the collars were still stacked together. The male cones were
5-12 cm long and 3 mm wide; there were 6—13 collars;
hairs were scarcely present and consisted of slightly elon-
gated cells when present; there were about 20 sterile ovules,
obliquely obovoid but laterally flattened and with an acute
apex, 0.4 mm long and 0.13 mm wide at their widest point.

Gnetum microcarpum, Kostermans 1372 (L) — The male
cones were probably juvenile, but closer to a fertile stage
than previous specimens. The male cones were 1.4—-1.7 cm
long and 3—4 mm wide; there were 10—11 collars; hairs were
scarcely present and consisted of elongated cells when pre-
sent; there were about 20 sterile ovules, weakly oblique and
broadly ovoid but laterally flattened and with an acute apex,
0.8-0.9 mm long and 0.4-0.5 mm wide at their widest point.

DISCUSSION

Gnetum cuspidatum has sterile ovules in its male cones

This study clearly shows that sterile ovules are present in the
male cones of G. cuspidatum and related species. The find-
ing is in accordance with Markgraf’s (1929) observations
but conflicts with those of Kato et al. (1995) who state that
sterile ovules are absent in the male cones of G. cuspidatum.
Kato et al. (1995) studied pollination biology in two Gretum
species, G. gnemon var. tenerum and G. cuspidatum, and re-
port that the former has sterile ovules that secrete pollination
drops while the latter lacks these and instead secretes nectar
“between microsporangiophores and on the collars”. It is not
clear how they examined the material but morphological de-
scriptions appear to be based on field observations only. This
might explain why they did not observe the sterile ovules in
G. cuspidatum because there is a considerable difference in
the appearance of male cones in G. cuspidatum and G. gne-
mon. In G. gnemon the collars are disc-shaped (low and
flattened) with distinct internodes between them (fig. 1A),
which makes it easy to distinguish the structures at each col-
lar. By contrast, the reproductive structures of G. cuspidatum
are partly hidden in the cylindrical and tightly spaced collars
(fig. 1C & D). The sterile ovules of G. gnemon are also larger
than those of G. cuspidatum, and are clearly visible above
the male units. Yet another complicating factor is the pres-
ence of hairs that cover the ovules. Gnetum cuspidatum has
much more hairs than has G. gnemon, and its sterile ovules
are concealed by hairs and very difficult to detect in the field.
Without dissection under a stereo microscope, it is easy to
get the impression that the sweet pollination drops that are
secreted from the hidden ovules instead represent nectar of
an unknown source that emerges on the collars and male
units, which is what Kato et al. (1995) report.

Is nectar present in gymnosperms?

Kato et al. (1995) write that they saw nectar on the male
cones of G. cuspidatum, and that also G. gnemon var.
tenerum secrete small amounts of nectar from the bracts
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Figure 3 — Reproductive structures in G. cuspidatum, Singh 27411 (L) (A—C) and Korthals s.n. (S) (D-F): A, longitudinal section of a female
unit: a sterile ovule enclosed in a bract-derived seed envelope; B, longitudinal section of the micropylar end of a female unit; C, longitudinal
section of an ovule’s central part, showing nucellus, integument and the single enclosing seed envelope; D, male unit with microsporangia
visible through a torn opening in the bract; E, close-up of D showing microsporangia with pollen; F, pollen. Scanning electron micrographs.
Abbreviations: i = integument; n = nucellus; m = micropyle; s.e. = seed envelope; b = bract of male unit; mi = microsporangia; p = pollen.
Scale bars: A—E = 100 um; F = 10 pm.
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of the male units. There are, however, no photos or other
documentation to support the statements, nor is there any
information in the literature that indicates the presence of a
secreting structure in bracts and collars. It has been suggest-
ed that the hairs could have a secreting function (Kubitzki
1990), and they could therefore be the source of the small
amount of fluid that Kato et al. (1995) observed in G. cuspi-
datum and G. gnemon var. tenerum. We have, however, not
observed any fluid coming from the male units of G. gne-
mon in our greenhouse. Instead, pollination drops often drip
from the ovules and land on the bracts and collars beneath
(fig. 1A & B). Regarding G. cuspidatum, it is difficult to be
certain since we do not have access to the plant in the field
or in cultivation, but nectar secretion by hairs seems to be an
unsatisfactory explanation. The quantity and appearance of
hairs differed considerably among the examined individuals,
and in two specimens, hairs were almost absent. Consider-
ing our observations of G. gnemon, it is probable that the re-
ported liquid on the collars and male units of G. cuspidatum
represents pollination drops that have leaked from the sterile
ovules that secrete these drops, as we frequently observe in
G. gnemon.

A final possible explanation for the (probably incorrect)
conclusions in Kato et al. (1995) is that there seems to be
a printing error in the reference they used when they de-
termined the specimen to G. cuspidatum. In the flora they
used, Flora Malesiana volume four (Markgraf 1950), the
male cones of G. cuspidatum are described as follows: “J
Inflorescences cauline, simple, thick, about 6 cm long, 5 mm
thick, pendulous. & Flowers numerous, 80-100, obconic, 2
mm high; sporophyll exserted by 1 mm; sterile flowers 10
acute, ovate.” This differs from Markgraf’s monograph from
1929 in that a @-symbol (represented by the word feminini
in Markgraf 1929) is missing between the words ‘sterile’
and ‘flowers’ in Markgraf (1950). It should thus be: sterile ¢
flowers 10. Because the 9-symbol was missing, readers may
easily get the impression that the statement refers to (sterile)

male flowers and that ovules are not mentioned, thus miss-
ing, in male cones of G. cuspidatum. This has also led to the
incorrect assumption that extraovular nectar must exist in
order for the species to attract pollinators to its male plants
and that the observed liquid represents such nectar. This as-
sumption has unfortunately received a lot of attention; Gne-
tum is often cited as almost the only example where nectar is
present in gymnosperms (with reference to Kato et al. 1995).

It is of course possible that nectar is present as an ad-
ditional attractant, and/or that intraspecific variation occurs,
but there is currently no documentation or structural evi-
dence of that. Kato (2005) argues that another species, Gne-
tum leptostachyum Blume, produces both pollination drops
from ovules and nectar from bracts, referring to Kato et al.
(1995). Gnetum leptostachyum is, however, not mentioned in
Kato et al. (1995), and it is difficult to assess if the statement
is a mistake or if Kato et al. (1995) made this observation
even though it is not reported in the paper.

Thus, although nectar in the form of leaking phloem sap
(no nectaries formed) has been reported for some angio-
sperms (Vogel 1997), the simplest solution is that nectar is
missing in Gnetum and that the liquid observed on collars
and microsporangiophore bracts of the male units of some
species of Gnetum is pollination drops, secreted from sterile
ovules, that have leaked onto other parts of the cones. The
lack of convincing evidence for nectar secretion, in combi-
nation with the results of the present study, which show that
Asian species reported to lack sterile ovules in fact have such
structures in the male cones, make the presence of extrao-
vular nectar in Gnetum improbable, in particular since no
other gymnosperms (with the possible exception of Ephedra
aphylla) produce nectar. The uncritical use of the term nec-
tar has unfortunately repeatedly been taken as evidence that
the Gnetales have nectaries/nectar (see examples in Endress
1996, Hufford 1996, Corlett 2001, Haycraft & Carmichael
2001, Nepi et al. 2009).
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Figure 4 — Pollination biology in the Gnetales, its evolution, and link to presence/absence of pollination drop producing ovules in male cones
(i.e. male plants). The hypothesis is based on results in the present study and in Markgraf (1929), Rydin & Korall (2009), Bolinder et al.
(2014) and Hou et al. (2015). Plants that lack ovules cannot use pollination drops as attraction and reward for pollinators. In Ephedra, species
that lack sterile ovules in male plants are (with the potential exception of E. aphylla) considered wind-pollinated. The pollination mode of
African species of Gnetum, which also lack sterile ovules in male plants, has to our knowledge never been studied.
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Comparisons with literature data and implications for
species delimitations and pollination biology

Species delimitations in the clade we have studied are prob-
ably more diffuse than hitherto known. Hou et al. (2015)
have already begun to unravel some of the taxonomy, but
additional studies using substantially increased sampling
of taxa from all regions and proposed species/subspecies/
varieties, studied using molecular and morphological data,
are needed and will require extensive field work in remote
tropical areas. In Markgraf’s monograph (1929) the species
descriptions are detailed but it is not clear how many speci-
mens were used for the species descriptions, nor if they are
based on dried or fresh material. Markgraf (1929) describes
the number of sterile ovules as well as their shape, length and
width in some species, but for other species, information is
scarce or absent.

Something that has become clear during the work with
the present study is that our observations of shape and num-
ber of ovules differ from what is stated in the literature. All
male cones examined here have about twenty sterile ovules
or more in each collar, which is considerably more than
what is specified in the respective descriptions of G. cuspi-
datum, G. diminutum and G. macrostachyum. For example,
Markgraf’s (1929) description of G. cuspidatum states that
there are about ten sterile ovules in each collar, but specimen
Singh 27411 (L) (determined to G. cuspidatum by Markgraf)
is here shown to have closer to thirty sterile ovules in each
collar. It is possible that Markgraf made his assessments
mainly based on outer and vegetative morphology, and may
therefore have overlooked the true number of sterile ovules,
in particular in members of G. sect. Cylindrostachys where
these structures are difficult to detect. The same problem ex-
ists with all species we have examined except G. microcar-
pum, for which the number of ovules detected in the present
study agrees with Markgraf’s (1929) report. Of the approxi-
mately forty species where information about the number of
sterile ovules is available, only four species are described to
have twenty sterile ovules per collar or more. Conceivably,
most species should be re-examined for the character.

Our observation that sterile ovules of male cones of Gne-
tum have only one seed envelope (in contrast with two seed
envelopes found in fertile ovules of female cones of the ge-
nus), is in accordance with earlier observations (Strasburger
1872, Pearson 1915, 1929). However, shape and size of the
sterile ovules differ repeatedly from the descriptions in the
literature, although it must be taken into account that some
of the material observed here was juvenile and therefore may
differ in size compared to Markgraf’s reports (1929). Re-
garding ovule shape, our observations show that the ovules
are bent apically, in an outward-downward direction, in al-
most all observed specimens; only one specimen had straight
ovules, the young male cone in G. macrostachyum (Larsen et
al. 41375, MO). This differs markedly from information in
the literature, where G. macrostachyum (and G. diminutum)
are described as having apically curved ovules (Markgraf
1929), while the sterile ovules of G. cuspidatum, G. micro-
carpum and G. loerzingii are described as erect and non-
curved. Further, according to Markgraf (1929), dimorphism
regarding ovule shape appears to exist in some species (e.g.
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G. microcarpum and G. macrostachyum), which may explain
the presence of curved ovules in one specimen of G. macro-
stachyum and straight ovules in the other.

A possible reason for the curved shape of ovules of some
species is that organ shape is partly determined by pressure
from other organs during development (Endress 2008). In
this case it appears as if the shape of the collars influences
that of the ovules. For species of G. sect. Cylindrostachys,
with very short internodes, it should also be of adaptive val-
ue to have bent ovules that are exposed between collars. In
those species, an upright ovule would secrete its pollination
drops onto the above positioned collar. If the ovules instead
are bent, the pollination drops are efficiently exposed to pol-
linators between microsporangiophores and the drops prob-
ably contribute to making the pollen grains stickier. These
could be factors that have a positive effect on the pollina-
tion system in G. sect. Cylindrostachys and could possibly
explain the higher diversity in this clade compared to the
remaining genus. Similar kinds of secondary pollen pres-
entation are also suggested for other insect pollinated mem-
bers of the Gnetales, i.e. Welwitschia (Hufford 1996) and
E. foeminea, in which large amounts of pollen are trapped in
the sweet pollination drops produced by sterile ovules in the
male cones (C. Rydin, Stockholm University, Sweden, pers.
obs.).

CONCLUSIONS

In combination with information in the literature, the re-
sults of the present study indicate that all species of Gne-
tum except the African species have sterile ovules in their
male cones. Bisexual cones occur in all three genera of the
Gnetales and may be an ancestral trait (Thompson 1916,
Lloyd & Wells 1992, Mundry & Stiitzel 2004). The feature
is probably linked to insect pollination, which indicates that
insect pollination too is an ancestral condition, at least in the
extant Gnetales (fig. 4). Welwitschia, which lives in one of
Earth’s driest places, the Namib Desert, is insect-pollinated
(Wetschnig & Depisch 1999), and has thus preserved the
ancestral state despite the fact that wind pollination appears
beneficial in the environment the plant inhabits. The sister
species of the remaining Ephedra, E. foeminea, has also re-
tained insect pollination, and has sterile ovules and pollina-
tion drop production in male cones (Bolinder et al. 2014,
Rydin & Bolinder 2015). Most other Ephedra species are
considered wind-pollinated (Bolinder et al. 2014) and these
same species lack sterile ovules and pollination drops in their
male cones.

An interesting question is whether the loss of sterile
ovules in the African species of Gnetum indicates a shift to
wind pollination also within Gnetum. The African species,
like the remaining species of the genus, inhabit tropical areas
where insect pollination should be beneficial. But if the male
plants lack sterile ovules and thus also pollination drops, how
can they entice pollinators to male cones? The African spe-
cies do not only occur in humid forests but in a wide range
of habitats including more dry and open areas (Biye et al.
2014), where wind pollination could function. Or have they
retained insect pollination and developed another means of
pollinator reward in male plants?
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