
Int. J. Plant Sci. 180(3):232–239. 2019. q 2019 by The University of Chicago. All rights reserved. This work is licensed under a Creative
Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0), which permits non-commercial reuse of the work with at-
tribution. For commercial use, contact journalpermissions@press.uchicago.edu.
1058-5893/2019/18003-0006$15.00 DOI: 10.1086/701819
HEDYOSMUM-LIKE FOSSILS IN THE EARLY CRETACEOUS
DIVERSIFICATION OF ANGIOSPERMS

Else Marie Friis,1,* Peter R. Crane,†,‡ and Kaj Raunsgaard Pedersen§

*Department of Palaeobiology, Swedish Museum of Natural History, Stockholm, Sweden; †Oak Spring Garden Foundation, 1776 Loughborough
Lane, Upperville, Virginia 20184, USA; ‡Yale School of Forestry and Environmental Studies, New Haven, Connecticut 06511, USA;

and §Department of Geoscience, University of Aarhus, Aarhus, Denmark

Editor: Maria von Balthazar
1 Autho

Manuscript
2018; elect
Premise of research. Early CretaceousHedyosmum-like fossils are important because they provide informa-
tion on the pistillate flowers and fruits of plants that produced Asteropollis pollen, which is common and widely
distributed very early in the history of angiosperms. Hedyosmum (Chloranthaceae) is also the only extant genus
for which there is a plausible fossil presence at such an early stage of angiosperm evolution.

Methodology. The fossils were sieved out of unconsolidated sediments and cleanedwithHF, HCl, andwater.
External morphology and internal anatomy were studied using scanning electron microscopy and synchrotron
radiation X-ray tomographic microscopy.

Pivotal results. New information onHedyosmum-like fossils is provided based on pistillate flowers and fruits
with adhering Asteropollis pollen from the Early Cretaceous of Portugal. The fossils are assigned to a new Early
Cretaceous taxon,Hedyflora crystallifera, which in external morphology is closely similar to extantHedyosmum.
However, the fossils differ from the extant genus in having a crystalliferous endotesta with cells that have
endoreticulate infillings, a feature characteristic of all extant Chloranthaceae exceptHedyosmum. ExtantHedyos-
mum has a thin, unspecialized seed coat. This new discovery confirms earlier predictions that an endotestal seed
coat is ancestral for Chloranthaceae as a whole but has been lost in the lineage leading to extant Hedyosmum.

Conclusions. Hedyflora confirms the divergence of the Hedyosmum lineage from other Chloranthaceae
very early in the angiosperm radiation but refutes these early fossils as evidence of extantHedyosmum in the Early
Cretaceous.

Keywords: Asteropollis, Chloranthaceae, early angiosperms, fossil flowers, fossil fruits, fossil seeds, SRXTM,
synchrotron X-ray microtomography.
Introduction

Phylogenetic analyses based on molecular sequence data re-
solve extant Chloranthaceae, with just four living genera (Asca-
rina J.R.Forst. & G.Forst., Chloranthus Sw., Hedyosmum Sw.,
Sarcandra Gardner), as among the earliest diverging lineages of
extant angiosperms (Angiosperm Phylogeny Group IV 2016).
All four genera are relatively species poor and of restricted geo-
graphic occurrence today (Todzia 1993). The differentiation of
the Chloranthaceae very early in angiosperm evolution is also
consistent with paleobotanical data that identify the family as
one of the oldest extant angiosperm clades that can be recognized
in the fossil record, with a geological history based on dispersed
pollen extending back to the mid Early Cretaceous, about 130
Myr ago (Couper 1958, 1960; Walker and Walker 1984; Friis
et al. 2011).

Flowers of extant Chloranthaceae are extremely simple, but
they are nevertheless surprisingly disparate and exhibit unusual
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features that have been difficult to explain based on analyses of ex-
tant taxa alone (e.g., Swamy 1953; Endress 1987; Eklund et al.
2004). Early Cretaceous fossils possessing transitional combina-
tions of features, however, provide important keys to unravel-
ing evolutionary patterns in the family. Two fossil structures,
Canrightia E.M.Friis & K.R.Pedersen (2011) and Canrightiopsis
E.M.Friis, G.W.Grimm, M.M.Mendes & K.R.Pedersen (2015),
have been especially crucial for understanding the unique and
long-debated nature of the unusual androecium in extant Chlo-
ranthus and Sarcandra. Canrightia and Canrightiopsis reduce
the morphological gap between the flowers ofHedyosmum with
well-developed tepals and the naked flowers of Chloranthus and
Sarcandra. They imply an evolutionary sequence from the radi-
ally symmetrical flowers of Canrightia to extant Chloranthus
and Sarcandra, as well as fossil Canrightiopsis and Chloranthi-
stemon P.R.Crane, E.M.Friis & K.R.Pedersen, by retention of
the hypanthium, loss of the perianth, reduction in number of
ovules and stamens, and displacement of the stamens to the dorsal
side of the ovary on topof the hypanthium (Friis et al. 2015).Here
we describe Hedyosmum-like pistillate floral structures from the
Early Cretaceous of Portugal. Previously these fossils have been
interpreted as indicating a possible Early Cretaceous age for
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crown groupHedyosmum (Friis et al. 2005), but synchrotron X-
ray microtomography now reveals critical features that distin-
guish these fossils fromextantHedyosmum. The new information
is important for understanding the evolutionary history of the
Chloranthaceae and for reconciling the structure ofHedyosmum
flowers with those of other extant Chloranthaceae.

Material and Methods

The fossil flowers and fruits were extracted from Early Creta-
ceous sediment samples collected from the Arazede, Buarcos,
Catefica, and Vale deÁgua localities in western Portugal. In these
areas, the Cretaceous sequence is typically thick and may include
several stratigraphic ages (e.g., late Aptian to early Campanian in
the Figueira da Foz-Buarcos area; Dinis et al. 2008; Friis et al.
2011). The plant-bearing sediments studied here from Arazede,
Buarcos, and Vale de Água are assigned to the basal part of the
Figueira da Foz Formation, which is indicated to be of late
Aptian–earlyAlbianagebasedonstratigraphic correlations (Dinis
et al. 2008).The sediments fromCatefica are from the lowerpart
of the Almargem Formation of probable Aptian age (Dinis et al.
2010). For additional information on the geology and age of the
localities, see also Friis et al. (2011). The fossils were retrieved
from the sediments by sieving inwater. Adheringmineralmatrix
was removed byHF andHCl, followed by rinsing in water (e.g.,
Friis et al. 2009, 2018a). Extant flowers and fruits of Hedyos-
mum from herbarium specimens were examined without fur-
ther treatment.

Specimens for SEM were mounted on aluminum stubs with
nail polish, coated with gold, and studied with a Hitachi S-4300
field-emission or Phillips 515 scanning electronmicroscope. Spec-
imens for attenuation-based synchrotron radiation X-ray tomo-
graphicmicroscopy (SRXTM)weremountedonbrass stubs using
nail polish and examined at the TOMCAT beamline of the Swiss
Light Source at the Paul Scherrer Institute, Villigen, Switzerland
(Stampanoni et al. 2006). SRXTM analyses were carried out at
10 keV using an #10 objective (isotopic pixel size, 0.65 mm) or
#20 objective (isotopic pixel size, 0.325 mm) combined with a sci-
entific complementary metal-oxide-semiconductor detector and
a 20-mm thick LAG:Ce scintillator screen. Vertical stacking was
applied for several specimens, and twofold lateral extension (Friis
et al. 2014) was applied for the analysis of extant Hedyosmum
orientaleMerr & Chun.

All S-numbered specimens and raw data from the SRXTM
study are stored at the Swedish Museum of Natural History in
Stockholm, Sweden (S). New names of fossil plants are registered
in the Plant Fossil Record Registry, which is hosted and operated
by the National Museum Prague for the International Organisa-
tion of Palaeobotany (IOP), each with a unique plant fossil name
number.

Results

Descriptions of the Fossils and Taxonomic Treatment

Angiospermae

Family—Chloranthaceae

Hedyflora E.M.Friis, P.R.Crane & K.R.Pedersen gen. nov.
Derivation of generic name. From the name part Hedy in
Hedyosmum and flos (Latin for flower) to indicate the close
similarity to the extant genus.
Generic diagnosis. Flowers, unisexual, apedicellate, epigy-

nous, with one whorl of three free tepals at the top of a triangu-
lar ovary. Hypanthium with lateral depressions (windows).
Ovary unilocular with a single pendant, orthotropous, and bi-
tegmic ovule. Stigma one. Fruit a nut. Seed endotestal; endotesta
of a single layer of endoreticulate and crystalliferous cells; exo-
tegmen of a single layer of sclerenchyma cells.
Comments on the genus. Flowers and fruits ofHedyflora are

closely similar to those of extant Hedyosmum. Both have epigy-
nous flowers with three tepals at top of the hypanthium and un-
usual depressions (windows) in the hypanthium (e.g., Endress
1971) that have not been described for other angiosperms. The
seeds ofHedyflora differ, however, in having a single layer of en-
doreticulate crystal cells and a sclerenchymatic exotegmen, which
contrasts with the undifferentiated testa and tegmen of extant
Hedyosmum. In seed organization and features of the seed coat,
Hedyflora is closely similar to extant Ascarina, Chloranthus,
and Sarcandra as well as extinctCanrightia,Canrightiopsis,Kva-
cekispermum E.M.Friis, P.R.Crane & K.R.Pedersen (2018b),
Rightcania E.M.Friis, P.R.Crane & K.R.Pedersen (2018b), and
pistillate structures associated with Chloranthistemon (Crane
et al. 1989), but none of these taxa have the epigynous organiza-
tion and three tepals at the top of the hypanthium as seen inHe-
dyflora andHedyosmum.
Type species designated here. Hedyflora crystallifera E.M.Friis,

P.R.Crane & K.R.Pedersen gen. et sp. nov.
Plant Fossil Names Registry number. PFN000136 (for new

genus).

Hedyflora crystalliferaE.M.Friis, P.R.Crane&K.R.Pedersen
gen. et sp. nov. (Figs. 1A–1I, 2A–2C)

Derivation of specific epithet. From the crystalliferous endo-
testa.
Specific diagnosis. As for the genus.
Holotype designated here. S101738 (Buarcos sample 157;

illustrated here in fig. 1A–1C).
Paratypes designated here. S101600-S101604, S101724-

S101737, S101743-S101746, S175200 (Buarcos sample 157),
S175201-S175204 (Buarcos sample 209), S101532, S101740-
S101742, S175205 (Buarcos sample 210), S175206, S175207
(Buarcos sample 211), S175208, S175209 (Buarcos sample
244), S172328 (Buarcos sample 371).
Plant Fossil Names Registry number. PFN000137 (for new

species).
Description and remarks on the species. Hedyflora crystal-

lifera is described based on about 260 pistillate flowers and fruits
with adhering pollen grains from the type locality at Buarcos. The
pistillate structures are always isolated with no indication of a
pedicel and without remains of subtending bracts. They are ob-
ovate to angular-obovate in longitudinal section, triangular in
transverse section with sharp edges, and about 0.8–1.3mm long
and 0.5–0.9mmwide.Most specimens are abraded and strongly
compressed and were probably preserved in the anthetic stage.
However, the same fossil assemblage fromBuarcos also includes
three-dimensionally preserved flowers and fruits that show the
tepals as well as internal details (fig. 1A–1D). The flowers are



Fig. 1 SEM images (A, B, D–F ) and synchrotron radiation X-ray tomographic microscopy reconstructions (orthoslices, C, G–I) of pistillate
flowers and fruits of Hedyflora crystallifera gen. et sp. nov. from the Early Cretaceous (late Aptian–early Albian) of Portugal. A, B, Holotype; lat-
eral (A) and apical (B) views of pistillate flower showing small, triangular tepals (t) at the top of hypanthiumwith papillate depression (asterisk) in the
hypanthium surface (S101738; Buarcos sample 157).C, Longitudinal orthoslice (orthoslice yz0907) of holotype (same asA,B) through basal part of
fruit and seed, showing the crystalliferous endotesta with endoreticulate infillings (oi-en).D, Lateral view of flower showing three tepals (t) at the top
of hypanthium with papillate depression (asterisk) in the hypanthium surface (S101600; Buarcos sample 157). E, F, Lateral (E) and apical (F) view
of a fruit showing the triangular shape of gynoecium, abraded perianth, and base of style (S174186; Vale de Àgua sample 329). G–I, Transverse
(G, orthoslice xy1200) and longitudinal (H, orthoslice yz0864; I, orthoslice xz1049) orthoslices through the same fruit as in E and F, showing
the crystalliferous endotesta with endoreticulate infillings (oi-en) and exotestal fibers (ii-ex). Scale bars p 250 mm (A, B, D–F), 125 mm (C, G–I).
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unisexual and epigynous with three free, broadly triangular
tepals at the topof the hypanthium (fig. 1A, 1B, 1D). The hypan-
thium wall forms three raised ridges along the three corners and
three distinct windows (depressions) over the lateral faces. These
depressed areas (windows) are wide (fig. 1A, 1B, 1D) and char-
acterized by small papillae on the outer epidermis (fig. 1D), but
often the epidermis is strongly compressed or abraded (fig. 1A,
1B). The cells below the epidermis have slightly undulate anticli-
nal walls.

The gynoecium is monocarpellate with a pointed base and
apex. The stigma is extended but is typically abraded or abscised.
The ovary is uniovulate with a single orthotropous and pendant
ovule. Seed coat structure has been observed in specimens from
several localities: three from Buarcos (type locality, S101600,
S101738, S172328), one fromVale deÁgua (S174186), one from
Arazede (S174481), and one from Catefica (S172325). Internal
structure is particularly well preserved in the Vale de Água spec-
imen (fig. 1E–1I). The tepals and hypanthium are abraded in this
specimen, which is probably preserved at fruiting stage because
there is a fully developed seed containing remains of endosperm
and embryo. The seed is bitegmic and endotestal. The endotesta
is about 25 mmthick and composed of a single layer of crystal cells
(fig. 1C, 1G–1I). The crystals themselves are missing, leaving an-
gular spaces. These spaces are surrounded by fibers that fill the
remaining cell lumen and form a fine internal reticulate mesh
(fig. 1H, 1I). The exotegmen consists of one layer of sclerenchy-
matic, longitudinally arranged fibers (fig. 1G–1I ).

Pollen grains of the fossil genusAsteropollisHedlund&Norris
are commonly found adhering to the surface of the flowers and
fruits. These grains are particularly abundant on compressed,
lignitized specimens from the type locality at Buarcos. An SEM
survey of 24 specimens from Buarcos showed Asteropollis grains
adhering to 13 specimens, often with numerous grains on each
specimen (fig. 2A). Only a single pollen grain that cannot be
assigned to Asteropollis was encountered on the 24 specimens.

The pollen grains are typically compressed with a circular
outline (fig. 2B). They are about 22 mm in diameter, hetero-
polar and monoaperturate, usually with a tetrachotomocol-
pate, or rarely trichotomocolpate, aperture. The aperturemargins
are irregular, not sharply delimited. The aperture membrane is
covered by irregular verrucate elements (fig. 2B). The grains are
semitectate-reticulate. The muri are rounded, about 0.4 mmwide,
with a beaded ornamentation of minute spines in two rows
along the edge of the muri (fig. 2C). Columellae supporting
the muri are tall and scattered (fig. 2C).

Associated Staminate Structures (Figs. 2D, 2E, 3A–3C)

Staminate structures with Asteropollis pollen in situ are asso-
ciated with Hedyflora pistillate structures at several localities.
From Buarcos (the type locality for Hedyflora), only isolated
compressed stamens have been found. Pollen grains in these iso-
lated stamens are trichotomocolpate and tetrachotomocolpate
(fig. 2D, 2E) and are very similar in size and tectum configu-
ration to the grains observed on the surface of Hedyflora
crystallifera flowers and fruits. It is very likely that these isolated
stamens are staminate flowers of the H. crystallifera plant.

Staminate structures withAsteropollis-type pollen are also as-
sociated with typical H. crystallifera pistillate structures at the
Catefica and Vale de Água localities, but there are several differ-
ent kinds and it is difficult to establish which is linked to
Hedyflora. At both localities (also at the Torres Vedras locality;
E. M. Friis, P. R. Crane, and K. R. Pedersen, unpublished man-
uscript) there are small, almost spherical inflorescences with
stamens in densely spaced whorls. These were probably pro-
duced by Hedyosmum-like plants but appear immature, and
their pollen is poorly preserved. More informative, and with
better-preserved pollen, are isolated stamens or small groups
of stamens, both of which suggest that the staminate inflo-
rescences may have fallen apart at, or shortly following, matu-
rity. Based on the in situ pollen grains, there appear to be several
different species among these specimens. Some stamens contain
pollen with exclusively trichotomocolpate apertures, while
others contain pollen that is mostly tetrachotomocolpate. There
is also considerable variation in pollen size, details of the reticu-
lum, and the shape and density of columellae. For example, the
specimen in figure 3A fromVale de Água consists of compressed
stamens containing Asteropollis-type pollen grains that are
closely similar to those adhering to theHedyflora flowers in be-
ing tetrachotomocolpate with semitectate tectum, beaded muri,
and tall, scattered columellae (fig. 3B, 3C), but these pollen
grains are smaller than those associated with H. crystallifera
from Buarcos. It is unknown whether this is because of differ-
ences in preservation or because the staminate and pistillate
structures were produced by different species.

Discussion

Hedyflora and Asteropollis

We can now associate multiple organs with pollen of Aste-
ropollis. Asteropollis includes a single species, Asteropollis
asteroides Hedlund et Norris (1968), established based on dis-
persed heteropolar pollen from the Early Cretaceous (Albian)
ofOklahoma.Asteropollis asteroides typically has a star-shaped
pentachotomocolpate aperture, but tetrachotomocolpate and
hexachotomocolpate grains are also common (Hedlund and
Norris 1968; Eklund et al. 2004). An example of the variability
in aperture form is provided by an isolated stamen from the
Buarcos locality that contains both trichotomocolpate and
tetrachotomocolpate grains. The tectum of A. asteroides is
semitectate-reticulate, with distinctive beaded ornamentation
on the muri (Hedlund and Norris 1968; Walker and Walker
1984).
Asteropollis is restricted to Early Cretaceous sediments but

during the mid-late Early Cretaceous attained an almost global
distribution fromAntarctica in the south (Dettmann andThom-
son 1987) to Greenland in the north (Koppelhus and Pedersen
1993) and from North America in the west (Hedlund and Nor-
ris 1968; Eklund et al. 2004) to Mongolia, China, and Japan
in the east (Song et al. 2004; Nichols et al. 2006; Legrand
et al. 2014). As first pointed out by Walker and Walker (1984),
among extant angiosperms similar pollen is only known for spe-
cies of Hedyosmum (fig. 3D, 3E).
Flowers that can be confidently linked to Asteropollis, includ-

ing the Hedyflora flowers and fruits described here, occur abun-
dantly in the Early Cretaceous mesofossil floras of Portugal
and, in addition to the material from the Azarede, Buarcos,
Catefica, andVale de Água considered here, are also known from
the Famalicão and Torres Vedras localities (Friis et al. 2011). In
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several fossil assemblages, staminate structures co-occur with pis-
tillate flowers that often have abundantAsteropollis pollen on the
surface (Friis et al. 2011).

Rare Hedyosmum-/Hedyflora-like flowers and fruits have
also been discovered in Early Cretaceous Potomac Group sed-
iments from the Puddledock and Kenilworth localities, eastern
North America (Friis et al. 1997). However, structural details
are not sufficiently well preserved in the North American fossils
to confirm that they also had an endotestal seed coat. Also,while
dispersed Asteropollis grains are common in Potomac Group
sediments (Hedlund and Norris 1968; Doyle and Robbins 1977;
Walker and Walker 1984), staminate structures containing
these pollen grains have not yet been recovered. Furthermore,
intriguing winged and bisexual floral structures related to
Hedyosmum/Hedyflora have recently been recovered among the
Puddledock mesofossils (E. M. Friis, P. R. Crane, and K. R.
Pedersen, unpublished manuscript), indicating that the lineage
leading to Hedyosmum was much more diverse in the past
and that Asteropollis pollen may ultimately be shown to have
been associated with several different kinds of flowers.

Phylogenetic Implications

All extant Chloranthaceae, as well as all sufficiently well-
known chloranthoid fossils, have orthotropous, pendent, and
bitegmic ovules. Except forHedyosmum, all species have endo-
Fig. 2 SEM images of pollen fromHedyflora crystallifera gen. et sp. nov. (A–C) and staminate floral structure (D, E) from the Early Cretaceous
(late Aptian–early Albian) Buarcos locality, Portugal.A, Abundant Asteropollis pollen on the surface of a pistillate flower (S101604; Buarcos sample
157). B, Asteropollis pollen from the fruit surface in distal view showing tetrachotomocolpate aperture (S101728; sample Buarcos 157). C, Detail of
Asteropollis pollen from the fruit surface showing beaded muri supported by long, scattered columellae; note the ornamentation of two irregular
rows of minute spines along the margins of the muri (S101604; Buarcos sample 157). D, E, Asteropollis pollen in situ in an isolated stamen from
type locality showing trichotomocolpate (D) and tetrachotomocolpate (E) grains (S101534, Buarcos sample 210). Scale barsp 100 mm (A), 10mm (B,D,
E), 1 mm (C).



FRIIS ET AL.—HEDYOSMUM-LIKE FOSSILS IN THE EARLY CRETACEOUS DIVERSIFICATION 237
testal seeds with a single layer of crystal cells, each of which is
filled by an endoreticulum of fibers (Friis and Pedersen 2011;
Friis et al. 2015). Seeds of extant Hedyosmum differ in having
a simple, undifferentiated seed coat, but it has been hypothe-
sized that the endotestal condition is ancestral for Chloran-
thaceae as a whole (Friis et al. 2015). This is now corroborated
by the discovery of Early Cretaceous Hedyosmum-like flowers
and fruits with endotestal seeds and a seed coat structure similar
to that in Ascarina, Chloranthus, and Sarcandra.

In several phylogenetic analyses of extant and fossil Chloran-
thaceae (Doyle et al. 2003; Eklund et al. 2004; Doyle and
Endress 2018), theHedyosmum-like fossils were treated collec-
tively as the Asteropollis plant, and Doyle et al. (2003) and
Eklund et al. (2004) scored the Asteropollis plant as having
unspecialized testa and tegmen as in extant Hedyosmum. This
extrapolation was based on fossil flowers from the Early Creta-
ceous of Portugal that had been studied only for external mor-
phology. The new SRXTM data presented here provides infor-
mation about the internal structure of these fossils and reveals a
more specialized seed coat structure. This demonstrates that at
least some of the plants that produced Asteropollis pollen can-
not be assigned to crown group Hedyosmum.
The epigynous flowers of extant Hedyosmum appear very

distinct from the apparently perianthless flowers of Ascarina,
Chloranthus, and Sarcandra. The discovery of fossil Canrightia
flowers that have a semi-inferior ovary and a rudimentary peri-
Fig. 3 SEM images of staminate floral structure (A–C) from the Early Cretaceous (late Aptian–early Albian) of Portugal and pollen of extant
Hedyosmum angustifolium (Ruiz & Pav.) Solms (D, E). A–C, Fragment of staminate structure with Asteropollis pollen in situ showing com-
pressed stamens (A), pollen in distal view with tetrachotomocolpate aperture (B) and details of pollen wall (C) with beaded muri and long
columellae (S153529; Vale de Água sample 141). D, E Pollen of extant H. angustifolium in distal (D) and proximal (E) views, showing
tetrachotomocolpate aperture on the distal surface (no aperture proximally), semitectate-reticulate pollen wall with muri supported by long,
scattered columellae and ornamented with minute spines (856 1978 Kew). Scale bars p 500 mm (A), 10 mm (B, D, E), 2.5 mm (C).



238 INTERNATIONAL JOURNAL OF PLANT SCIENCES
anth reduces the gap between extant Hedyosmum and other
Chloranthaceae (Friis andPedersen2011; Friis et al. 2015).Docu-
mentation of an endoreticulate endotesta and a sclerenchymatic
tegmen in fossil Hedyflora removes a further point of difference
between Hedyosmum and other Chloranthaceae.

Extinct Chloranthoid Diversity and Its Former Distribution

In addition toHedyflora crystallifera, four other extinct chlor-
anthoid genera with crystalliferous endotestal seeds, Canrightia,
Canrightiopsis,Rightcania E.M.Friis, P.R.Crane& K.R.Pedersen
and Kvacekispermum E.M.Friis, P.R.Crane & K.R.Pedersen
(Friis and Pedersen 2011; Friis et al. 2015; Friis et al. 2018b),
have been described from the Early Cretaceous. Rightcania is
based on fossil seeds from the Potomac Group of eastern North
America, whileCanrightia andCanrightiopsis are based on fos-
sil fruits from Portugal. Also from the Early Cretaceous of
Portugal are fossil seeds of Kvacekispermum and several related
taxa (E. M. Friis, P. R. Crane, and K. R. Pedersen, unpublished
manuscript), as well as diverse staminate structures.

In addition to dispersed chloranthoid pollen grains assigned to
the genus Asteropollis (see above), pollen grains assigned to
Clavatipollenites Couper are of almost worldwide distribution
during the Early Cretaceous. Some of these Clavatipollenites pol-
len grainswere undoubtedly produced by early chloranthoids and
show clear similarities to pollen of extantAscarina (Couper 1960;
Walker and Walker 1984). However, the fine pollen wall details
that define the Ascarina-like Clavatipollenites pollen are difficult
to detect in light microscopy (LM), raising questions about the
relationships of those Clavatipollenites records based solely on
LM studies (Hughes 1994; Friis et al. 2011).

The Late Cretaceous record of Chloranthaceae includes an-
droecia of Chloranthistemon, which are closely similar to those
of extant Chloranthus. In some cases, the androecia are attached
to a pistil. Such Chloranthus-like fossils are known from Ger-
many (mid-Cretaceous; Hartkopf-Fröder et al. 2011), Sweden
(Santonian-Campanian; Crane et al. 1989; Eklund et al. 1997),
and North America (Turonian; Herendeen et al. 1993; Campa-
nian; Friis, Crane, and Pedersen, work in progress). Significantly,
there are no reliable records of dispersedAsteropollis pollen after
the mid-Cretaceous and none of the chloranthoid fruits and seeds
recognized in the Early Cretaceous, including Hedyflora and the
associated staminate structures, have been reported from Late
Cretaceous floras.

The first post-Cretaceous record of Hedyosmum-like pollen
(Clavainaperturites microclavatus Hoorn) is from the early
Miocene of South America (Martínez et al. 2013), and from
the early Miocene onward there is a well-established record of
Hedyosmum-like pollen in South andCentral America (Martínez
et al. 2013), consistent with indications from molecular dating
studies that imply secondary diversification in the group during
the Neogene (Zhang and Renner 2003), resulting in the ∼45 ex-
tant species of Hedyosmum in Central and South America and
the West Indies, with only a single outlier species in eastern Asia
(Todzia 1993). The present distribution of extant species of
Hedyosmum suggests that prior to the Neogene radiation, de-
scendants of the Asteropollis/Hedyflora plants may have sur-
vived as relicts across the Laurasian realm through the Late Cre-
taceous and Cainozoic.

Conclusion

New observations of the anatomy of Early Cretaceous
Hedyosmum-like pistillate structures made possible by SRXTM
require their separation from extantHedyosmum and the estab-
lishment of a new genus, Hedyflora. Hedyflora accommodates
pistillateHedyosmum-like fossils that differ from the extant ge-
nus in having an endoreticulate and crystalliferous endotesta
and a fibrous exotegmen. These results are in accordance with
earlier predictions that the endotestal condition is ancestral for
theHedyosmum lineage and for the Chloranthaceae as a whole
(Friis et al. 2015). Nevertheless, sinceHedyflora is undoubtedly
part of the Hedyosmum stem group, these Early Cretaceous
fossils provide clear evidence that the divergence between the
lineage leading to extant Hedyosmum and other extant Chlo-
ranthaceae is very ancient.

Hedyflora, combined with other early records of Chloran-
thaceae, indicate that during theEarlyCretaceous themorpholog-
ical diversity of chloranthoid flowers was greater than that seen
today among the four living genera. In addition, the frequency
with which fossil Chloranthaceae are encountered in Early and
Late Cretaceous floras, combined with the global distribution of
fossil chloranthoid pollen, suggests that this ancient group was
much more prominent in Cretaceous vegetation than it is today.
Molecular data indicate that there has been diversification at
the species level in Chloranthaceae during the Neogene, but in
the broader context of the more than 130Myr history of the fam-
ily, the four living genera are relictual survivors of a significant an-
cient diversification that was central in the Cretaceous rise of
angiosperms to global vegetational dominance.
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