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The group referred to informally as the corystosperms, described initially based on compression fossils from the
Triassic of Gondwana, have long been considered critical extinct plants for understanding seed plant phylogeny, the
evolution of seed plant reproductive structures and the relationships of angiosperms. Here we describe a new genus
and species of corystosperm seed-bearing structure, Jarudia zhoui gen. et sp. nov., based on abundant silicified
material collected from the newly discovered chert in the Early Cretaceous Huolinhe Formation of eastern Inner
Mongolia, north-eastern China. Jarudia zhoui is a lax seed cone consisting of a flexible central axis bearing
deciduous, helically arranged, lateral seed-bearing units. Individual seed-bearing units consist of an elongate bract
partially fused to an unbranched cupule stalk that bears a single, reflexed cupule apically. Each cupule is formed by
the strongly reflexed cupule stalk and one median and two lateral flaps. The cupule stalk supplied by two vascular
bundles and three unvascularized flaps partially enclose two three-angled seeds. Jarudia zhoui bears a striking
resemblance to Doylea tetrahedrasperma from the Early Cretaceous of Canada and similar plants from the Early
Cretaceous of Mongolia. There are also strong similarities with ovulate structures of Umkomasia from the Triassic
of Gondwana in the structure and anatomy of individual cupules, their axial nature, and the architecture of the entire
seed-bearing structure that has two orders of branching. New information from Jarudia zhoui, together with
information on other corystosperm ovulate organs from the Northern Hemisphere, significantly expands our
understanding of this key group of extinct plants, suggests that the cupules of the Early Cretaceous and Triassic
corystosperms are homologous, and raises critical questions about the definition and phylogenetic circumscription of
the corystosperms, including how Early Cretaceous and Triassic corystosperms are related to each other and to other
groups of seed plants, including angiosperms.
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Introduction

Modern formulations of the long-debated question of
flowering plant origins emphasize the importance of
determining the phylogenetic position of angiosperms
with respect to other extant and extinct groups of seed
plants (Hill & Crane 1982; Crane 1985; Doyle &
Donoghue 1986; Nixon et al. 1994; Rothwell & Serbet
1994; Doyle 2006, 2008, 2012; Hilton & Bateman
2006; Friis et al. 2007; Rothwell & Stockey 2016;
Herendeen et al. 2017; Bateman 2020; Shi et al. 2021a).
However, phylogenetic studies based on molecular data
from extant taxa, and studies based on morphology and
anatomy that include both fossil and extinct taxa, give
results that remain to be reconciled. Results based on

analyses of molecular data give a range of different top-
ologies, but the most intensive studies based on large
datasets resolve the four living groups of gymnosperms
(cycads, Ginkgo, conifers and Gnetales) as part of a sin-
gle clade (acrogymnosperms) that is the sister group to
angiosperms (Bowe et al. 2000; Chaw et al. 2000;
Nickrent et al. 2000; Rydin et al. 2002; Wickett et al.
2014; Li et al. 2017; Ran et al. 2018; Liu et al. 2022).
Results based on analyses of morphological and anatom-
ical data also give a range of different topologies (Hill
& Crane 1982; Crane 1985; Doyle & Donoghue 1986;
Nixon et al. 1994; Rothwell & Serbet 1994; Doyle
2006, 2008, 2012; Hilton & Bateman 2006; Friis et al.
2007; Rothwell & Stockey 2016; Coiro et al. 2018; Shi
et al. 2021a; Klymiuk et al. 2022), but among the
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several groups of extinct seed plants that have emerged
as potential close angiosperm relatives, especially
important are those plant fossils referred to informally
as the corystosperms (Thomas 1933), as well as
Caytoniaceae (Thomas 1925; Harris 1933, 1940, 1964),
Petriellaceae (Taylor et al. 1994; Bomfleur et al. 2014),
and other potentially related extinct plants in which the
ovule or ovules are borne in recurved cupules (Crane
1985; Doyle 2006; Hilton & Bateman 2006; Taylor
et al. 2006; Taylor & Taylor 2009; Rothwell & Stockey
2016; Shi et al. 2016, 2019, 2021a). These cupules have
been hypothesized to be homologous to the second
integument of a bitegmic anatropous ovule (Gaussen
1946; Stebbins 1974; Doyle 1978, 2006, 2008, 2012;
Frohlich & Parker 2000; Frohlich 2003; Frohlich &
Chase 2007; Shi et al. 2021a; Soltis 2021), a feature
that is likely basic within angiosperms as a whole
(Endress 2011).
The Corystospermaceae (¼Umkomasiaceae) was first

established by Thomas (1933) who named the family
based on the helmet-like coverings that partially enclose
the ovules (corystos ¼ a helmet wearer in Greek).
Thomas (1933) included seed-bearing organs of
Umkomasia, Pilophorosperma and Spermatocodon, the
pollen organ of Pteruchus, and forked, bipinnate leaves
of Dicroidium in his concept of corystosperms, based on
studies of compression fossils from the Upper Triassic
Molteno Formation of South Africa. These isolated
organs were considered to be produced by the same
group of plants based on their consistent association in
the same fossiliferous bed at the same locality, similar-
ities in their cuticular anatomy, especially in the struc-
ture of their stomata, and the occurrence of the same
type of bisaccate pollen within pollen sacs of Pteruchus
and in the micropyles of Umkomasia seeds (Thomas
1933). Pilophorosperma and Spermatocodon were later
regarded as not clearly distinguished from Umkomasia,
and are now treated as synonyms of Umkomasia
(Holmes 1987; Klavins et al. 2002; Anderson &
Anderson 2003; Anderson et al. 2019a).
Corystosperms, especially as Dicroidium leaves, are

abundantly preserved in the Middle and Late Triassic of
Gondwana, and extensive collections of Gondwanan
Triassic corystosperms have greatly expanded our under-
standing of these plants (e.g. Townrow 1962, 1965;
Archangelsky 1968; Holmes & Ash 1979; Playford
et al. 1982; Retallack 1983, 1995; Cantrill et al. 1995;
Yao et al. 1995; Axsmith et al. 2000, 2007; Klavins
et al. 2002; Anderson & Anderson 2003; Holmes &
Anderson 2005; Bomfleur & Kerp 2010; Pattemore
2016a, b; Anderson et al. 2019a, b, 2020). However, a
complete understanding of the structure and homology
of their reproductive structures has been hindered by

their preservation as compression or impression fossils.
Recent discoveries of three-dimensional, lignified meso-
fossils (Shi et al. 2016, 2019), and anatomically pre-
served, permineralized fossils (Stockey & Rothwell
2009; Rothwell & Stockey 2016; Shi et al. 2021a) of
corystosperm seed-bearing structures from the Early
Cretaceous of the Northern Hemisphere have signifi-
cantly expanded our view of the group. These fossils
have contributed new morphological and anatomical
information for understanding the structure and hom-
ology of corystosperm cupules. Among this newly avail-
able material especially important are the silicified
corystosperm cupules from the Early Cretaceous of
Inner Mongolia, China, because they are known from
abundant, exceptionally well-preserved specimens (Shi
et al. 2021a). The morphology and anatomy of these
specimens, combined with re-examination of the cupules
of Caytoniaceae, Petriellaceae and other related
Mesozoic seed plants, strongly suggests that the
recurved cupules of these groups are all fundamentally
the same, and very likely homologous to the outer
integument of angiosperm ovules (Shi et al. 2021a). In
this paper we describe in detail these corystosperm
seed-bearing structures from Inner Mongolia as a new
genus and species, Jarudia zhoui. We also discuss the
structure and homology of corystosperm seed-bearing
structures and assess the concept of the corystosperms
as a phylogenetically meaningful group.

Material and methods

The silicified material described here was collected
from the Huolinhe Formation at the Zhahanaoer open-
cast coal mine (45�21038.5ʺ N, 119�25004ʺ E) in Jarud
Banner, eastern Inner Mongolia, China during
China–US joint field expeditions in the summers of
2017, 2018 and 2019 (Shi et al. 2021a). The Huolinhe
Formation in the Huolinhe Basin is a non-marine Lower
Cretaceous coal/lignite-bearing unit comprising a
sequence of fluvio-lacustrine-swamp sediments (Li et al.
1982; Deng 1995). In ascending order, the formation is
divided informally into a ‘conglomerate-sandstone mem-
ber’, a ‘lower mudstone member’, a ‘lower coal-bearing
member’, an ‘upper mudstone member’, an ‘upper coal-
bearing member’, and a ‘top mudstone member’ (Li
et al. 1982). The chert containing the silicified plant fos-
sils occurs toward the bottom of the ‘lower coal-bearing
member’ (Shi et al. 2021a, b). Below the chert is a thin
layer of ash that may have been the source of the silica
responsible for the formation of the chert and the silici-
fication of the plants. U-Pb zircon dating using the
Secondary Ion Mass Spectrometry (SIMS) method
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constrains the age of the ash layer to 125.6 ± 1.0Ma
(Shi et al. 2021b), corresponding to the middle
Barremian in the latest version of the ICS International
Chronostratigraphic Chart (Cohen et al. 2013, version
2022.02). The palynological assemblage associated with
the chert also supports this age assignment (Shi
et al. 2021b).
The assemblage of silicified plant fossils preserved in

the chert is diverse. The plant fossils recognized so far
include vegetative axes and leaves of lycopsids (Herrera
et al. 2022) and ferns, leafy shoots, leaves and
seed cones of cupressaceous and pinaceous conifers
(Matsunaga et al. 2021), seeds of the Bennettitales-
Erdtmanithecales-Gnetales (BEG) group (Bickner 2021),
and the corystosperm seed-bearing structures described
here (Shi et al. 2021a).
The silicified plant fossils were studied using cellu-

lose acetate peels and micro-CT scanning. Acetate peels
were prepared using standard methods (Joy et al. 1956;
Galtier & Phillips 1999), and examined and sorted under
a stereomicroscope. Selected pieces of peels were
mounted on microscope slides with neutral balsam and
photographed with a Leica M205A stereomicroscope
and Leica DMC5400 digital camera system with Z axis
stacking at the Nanjing Institute of Geology and
Paleontology, Chinese Academy of Sciences (NIGPAS).
Higher magnification images were obtained using an
Olympus BX53 microscope with an Olympus DP73
camera at NIGPAS. Micro-CT scanning was performed
using a General Electric dual-tube X-ray computed tom-
ography scanner in the Department of Organismal
Biology and Anatomy, University of Chicago (for
details of the settings see Shi et al. 2021a). The CT data
were processed using Avizo software 2019.1 to obtain
successive virtual sections and surface renderings.
All specimens, including slabs, peels and microscopes

slides, are in the palaeobotanical collections of the
Nanjing Institute of Geology and Paleontology, Chinese
Academy of Sciences.

Systematic palaeontology

Order Umkomasiales sensu lato
Genus Jarudia Shi, Herrera, Herendeen, Clark & Crane

gen. nov.

Type species. Jarudia zhoui Shi, Herrera, Herendeen,
Clark & Crane sp. nov.

Generic diagnosis. Seed cone lax, consisting of a
flexible central axis bearing helically arranged lateral
seed-bearing units that are shed at maturity. Each

seed-bearing unit consisting of a narrow, elongate bract,
subtending and partially fused to a terete axis (the cupule
stalk) that bears a single cupule at the tip. Each cupule
containing two seeds that are attached at, or very close
to, the tip of the cupule stalk. Seeds shed at maturity.
Cupules strongly inflexed (curved adaxially) relative to
the cone axis, resulting in the micropyles of the two
seeds being oriented back towards the base of the cupule
stalk and the cone axis. Near the base, the fused bract-
cupule stalk complex is supplied by two median vascular
bundles, with their xylem opposite each other towards the
centre of the complex. Distally the adaxial bundle divides
into two small bundles that supply the cupule while the
abaxial vascular bundle supplies the bract.
Each cupule formed by the strongly curved cupule

stalk and three flaps, one median and two lateral, which
together surround and partially enclose the two seeds.
The two lateral flaps are fused to the cupule stalk and
to the median flap at the apex of the cupule. Within the
cupule, the cupule stalk and three flaps all consist of an
outer cortical zone of parenchyma, and an inner cortical
zone of sclerenchyma. In longitudinal section scleren-
chyma cells of the inner cortical zone of the cupule are
elongate with helical thickenings. The median and lat-
eral cupule flaps are unvascularized.
Each cupule supplied by two vascular bundles, each

of which supplies a seed. Vascular bundles flattened and
bilaterally symmetrical where they enter the base of the
cupule, with their xylem towards the outer surface of
the cupule. Closer to the point of seed attachment the
xylem is circular in transverse section and at the point
of seed attachment it expands to form a disc of transfu-
sion tissue that consists of short tracheids with helical
or scalariform thickenings.
Seeds are ovate in lateral outline, three-angled in trans-

verse section and have a truncate base resulting in a tetra-
hedral form. The three prominent lateral faces have
weakly developed wings along the margins. The micro-
pyle at the seed apex is bifid. Integument parenchymat-
ous and unvascularized, consisting of an outer epidermis,
an outer zone of 3–4 layers of isodiametric thick-walled
cells, an inner zone of irregularly shaped thin-walled
cells, and an inner epidermis. Nucellus free from integu-
ment except at the base where it is attached, consisting of
a thin cuticle and a few layers of thin-walled parenchyma
cells surrounding the megaspore membrane.

Derivation of generic name. From Jarud, the adminis-
trative region (Banner) in eastern Inner Mongolia
Autonomous Region, China, where the fossil material of
the new genus was collected.

Jarudia zhoui Shi, Herrera, Herendeen, Clark & Crane
sp. nov.

Rethinking the corystosperm concept 3



Specific diagnosis. As for the genus with the following
additions. Cupule often with one or two short, apical
protrusions formed mainly by transfusion tissue com-
posed of short tracheids with helical or scalariform
thickenings. Each cupule with a distinct lip at the tip of
median flap. Small conical projections of variable size
distributed irregularly over the outer surface of the
cupule; protrusions formed by the epidermis, hypoder-
mis and parenchyma tissue of the outer cortical zone, or
by the epidermis and hypodermis alone.

Derivation of species name. In honour of Professor
Zhiyan Zhou for his landmark contributions to under-
standing Mesozoic seed plants.

Material. Holotype: PB23663 (Fig. 1A). Other illus-
trated material: PB23672 (Fig. 1B–E), PB23667 (Figs
1F, 3A–D), PB23664 (Fig. 2A, C), PB23679 (Fig. 2B),
PB23668 (Fig. 2D), PB23671 (Figs 2E, F, 6C),
PB23680 (Figs 4A, 6B), PB23670 (Fig. 4B, F),
PB23665 (Figs 4C, 8D), PB23681 (Fig. 4D), PB23673
(Figs 4E, 7E), PB23682 (Fig. 5A), PB23674 (Fig. 5B),
PB23666 (Figs 5C, 7D), PB23683 (Fig. 5D), PB23684
(Fig. 5E), PB23669 (Fig. 6A), PB24571 (Fig. 6D),
PB24572 (Fig. 6E), PB24573 (Fig. 6F), PB24574 (Fig.
6G), PB24575 (Fig. 6H), PB24576 (Fig. 7A), PB24577
(Fig. 7B, C), PB23678 (Fig. 7F), PB23675 (Fig. 8A),
PB24578 (Fig. 8B), PB24579 (Fig. 8C), PB24580 (Fig.
8E, F). Additional unfigured material: PB24581–
PB24600. All specimens are in the palaeobotanical

Figure 1. Jarudia zhoui gen. et sp. nov. A, seed cone with loose, helically arranged lateral seed-bearing units (Shi et al. 2021a).
Note that the cupules are strongly inflexed (curved upwards and adaxially) relative to the flexible and curving cone axis but reflexed
(curved downwards and abaxially) relative to the stalk on which the cupule is borne. PB23663. B–F, three-dimensional
reconstructions of seed cone, cupules and seeds from segmented micro-CT data, showing the bracts (green), stalked cupules (blue)
and seeds (brown). B–E, PB23672. B, seed cone with three cupules attached to the fragmentary cone axis and another cupule on the
same alignment below (Shi et al. 2021a). Note that the cupules are strongly curved back towards the base of the cupule stalk but
away from the bract. C, lateral view of individual seed-bearing unit from the cone in B (Shi et al. 2021a), showing the subtending
bract and seed partially enclosed by the recurved cupule, and terms used to describe the seed-bearing unit and cupule. Note the
micropyle of the seed is oriented back towards the base of the cupule stalk. D, ventral view of a cupule containing one remaining
seed from the seed-bearing unit in C, showing terms used to describe the cupule. Note that each cupule is formed by the cupule stalk
and one median and two lateral flaps, the two lateral flaps are fused to the median flap at the apex of cupule. E, lateral (left) and
apical (right) view of the one remaining three-angled seed from the cupule in D. F, dorsal view of a cupule (Shi et al. 2021a) with
transparent cupule stalk, two short apical projections and three flaps showing attachment and orientation of the two three-angled
seeds. PB23667. Scale bars: A ¼ 5mm; B–F ¼ 1mm.
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collections of the Nanjing Institute of Geology and
Paleontology, Chinese Academy of Sciences.

Type locality. Zhahanaoer open-cast coal mine
(45�21038.5ʺ N, 119�25004ʺ E), Jarud Banner, eastern
Inner Mongolia, north-eastern China.

Stratigraphy and age. Bottom of the ‘lower coal-bear-
ing member’ of the Huolinhe Formation, middle
Barremian (125.6 ± 1.0Ma), Lower Cretaceous.

Description and comments on the species. Jarudia
zhoui gen. et sp. nov. is known from two seed cones
(Fig. 1A, B) and more than 100 isolated seed-bearing
units (Figs 2A, B, 3B) and/or isolated cupules (Fig.
4A–E). The seed cone consists of a flexible central axis
bearing helically and loosely arranged lateral seed-bear-
ing units at angles of c. 50� (Fig. 1A, B). The abun-
dance of isolated seed-bearing units in the collection
suggests that they are shed from the cone axis at matur-
ity. The more completely preserved seed cone (Fig. 1A)
is c. 17mm in diameter, and 36mm long; the cone axis
is c. 2mm in diameter, slender and curved, perhaps sug-
gesting that the cone was pendulous in life rather than
held erect (Fig. 9). Both seed cones (Fig. 1A, B) are
highly opalized with few anatomical details preserved,
but the cone axis consists of a more transparent central
region that appears to be a parenchymatous pith, sur-
rounded by a thick, less transparent ring that comprises
the bulk of the cone axis and appears to be a scleren-
chymatous cortex.
Each seed-bearing unit consists of a narrow elongate,

flattened bract subtending, and partially fused to, a ter-
ete fertile axis (the cupule stalk) that bears a single
cupule at the tip (Fig. 1C). The cupules are strongly
inflexed (curved adaxially) relative to the cone axis, but
reflexed (curved abaxially) relative to the cupule stalk
(Fig. 1A, B). Each cupule is formed by a flattened,
strongly curved, vascularized cupule stalk and three
unvascularized flaps (Fig. 1C, D). Each cupule contains
two three-angled seeds that are usually shed at maturity
(Fig. 1F).
At the base of isolated seed-bearing units, there is a

distinct, elongated abscission zone (Fig. 2A). The bract
remains attached to the shed seed-bearing units but
extends from the abscission zone at the base (Fig. 2A,
C), indicating that it was borne directly on the main
axis of the cone, and thus the cupule stalk arises in the
axil of the bract. The degree of fusion of bract and
cupule stalk decreases gradually distally. Near the base
of the seed-bearing unit the bract is almost entirely
fused with the cupule stalk (Fig. 3A) but in its middle
and upper regions it is fused only along the midrib.
Along its lateral margins (Figs 2D, E, 3B) and near its
tip (Figs 1A, B, 2A, B) the bract is free.

The bract is narrowly elongate, shallowly ‘U’-shaped
in transverse section (Figs 2D, 3B) and broadens grad-
ually towards its free apex (Fig. 1B, C). The bract is c.
6mm long, 1.2–2.2mm wide, and is fused with the
proximal portion of the cupule stalk for up to c. 4.5mm.
The cupule stalk is more - less circular, to broadly ellip-
tical or ovate, in transverse section (Figs 1B, C, 2E,
3B), and c. 1.0–1.6mm in diameter. The fused bract-
cupule stalk complex is composed mainly of the scleren-
chymatous cortex of the cupule stalk and the paren-
chyma of the bract mesophyll (Figs 2C, D, 3A). The
epidermis is very thin, often poorly preserved, and over-
lays a sclerotic hypodermis one or two cells thick (Figs
2D, 3B). The sclerenchyma cells that comprise the cor-
tex of the cupule stalk are more or less isodiametric in
transverse section with dark internal contents (Figs 2D,
E, 3A, B). They are up to c. 80 lm in diameter and
become gradually larger towards the centre of the bract-
cupule stalk complex. In longitudinal section these scler-
enchyma cells are elongate (Fig. 2C), c. 350–650 lm
long and 25–60 lm wide, with a length/width ratio up to
about 14. The parenchyma cells comprising the bract
mesophyll are tightly packed, more or less isodiametric
in transverse section, and lack dark internal contents
(Fig. 2D). They are 20–55 lm in diameter and become
larger toward the midline and also near to the fusion of
the bract with the cupule stalk (Fig. 2D). In longitudinal
section these parenchyma cells are rectangular to elong-
ate rectangular in outline (Fig. 2C), 100–260 lm long
and 20–55 lm wide, with a length/width ratio of
1.5–6.5. In many cases, the parenchyma tissue of the
bract mesophyll is degraded (Figs 2E, 3B). Resin bodies
or secretory cavities have not been observed in the
seed-bearing unit.
Details of the vascularization of several seed-bearing

units have been traced through serial sections. Near the
base of the bract-cupule stalk complex there are two
median bilaterally symmetric vascular bundles
embedded one above the other in the cortical scleren-
chyma tissue with their xylem facing each other toward
the centre of the bract-cupule stalk complex (Figs 3A,
10A). In both bundles the empty space toward their
outer sides, most likely created in part by the shrinkage
of delicate tissues during preservation, is inferred to
indicate the former position of the phloem (Fig. 3A).
The adaxial vascular bundle supplies the cupule stalk,
while the abaxial bundle supplies the bract (Fig. 3A, B).
The vascular bundle supplying the bract is smaller and
more flattened (Fig. 3A) than that supplying the axis,
and its xylem is composed of only a few tracheids.
The xylem of the adaxial vascular bundle, which sup-

plies the cupule stalk, consists of 3–5 rows of tracheids
arranged in radial files; the tracheids are more-or-less

Rethinking the corystosperm concept 5
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isodiametric to slightly elliptical in transverse section
and c. 7–16 lm in diameter (Fig. 2F). Proximally, the
adaxial vascular bundle forms a shallow inverted ‘U’
(Figs 2F, 3A, B), but distally, close to the point where
the bract separates from the axis, it gradually becomes
two-lobed (Figs 3C, D, 10B) and then divides into two
separate smaller vascular bundles (Figs 2D, 10C). In
these two vascular bundles, the xylem, which consists
of 3–4 rows of tracheids arranged in radial files, is
toward the lower side of the bract-cupule stalk complex:
abaxial relative to the cone axis. The associated empty
space, which is inferred to indicate the former position
of poorly developed phloem, is toward the upper side of
the bract-cupule stalk complex: adaxial relative to the
cone axis (Fig. 2D).
Cupules are typically obovoid in lateral (Fig. 1C) and

ventral (Fig. 1D) view, and c. 4.5–5.5mm high. In
median transverse section they are ovate to elliptical to
more-or-less rectangular in outline (Fig. 4C), c.
4.2–6.0mm long and 3.5–5.2 lm wide. Each cupule is
formed by the flattened vascularized cupule stalk that is
strongly curved distally (Figs 1B, C, 2A, B), and three
unvascularized flaps, one median and two lateral (Fig.
4A–C). The three flaps are borne on the tip of the
cupule stalk (Figs 1C, 5A–C).
Within the cupule the flattened cupule stalk is com-

monly thicker than the median and lateral flaps. In
transverse section it is thickest in the median region and
gradually becomes thinner laterally (Fig. 4A–C). The
median flap is about as broad as the cupule stalk when
seen in transverse section and both are slightly broader
than the lateral flaps (Fig. 4A–C), resulting in the
cupule being more or less rectangular to obovoid in
median transverse section. Near the apex of the cupule,
where the flaps are borne, the two lateral flaps are gen-
erally fused to the flattened cupule stalk, and also to the
median flap (Figs 1C, D, 4A, B), but near their tips the
two lateral flaps are separate from both the cupule stalk
and the median flap (Figs 1A–D, 3B, C); as a result the
cupule forms a helmet-like structure surrounding and

partially enclosing the two seeds (Fig. 1C–F). All three
flaps gradually become thinner towards their tip. The
median flap is often curved upwards at the tip to form a
distinct small lip (Figs 1B, 5C, E).
The cupule stalk and the lateral and median flaps all

have a thin, poorly preserved outer epidermis with a
sclerotic hypodermis two or three cells thick immedi-
ately beneath. Towards the outside the cupule stalk and
the lateral and median flaps all have an outer cortical
zone composed of parenchyma tissue, while towards the
inside there is an inner cortical zone of sclerenchyma
tissue and an inner epidermis (Fig. 4A–C). There are no
trichomes on either the inner or outer surface of the
cupule, but the outer surface of many cupules has
irregularly distributed tooth-like conical projections that
vary in size and have a more-or-less sharp apex (Figs
4C, 5B, E). Larger teeth are formed by the epidermis,
hypodermis and parenchyma tissue of the outer cortical
zone; smaller teeth are formed by only the epidermis
and hypodermis (Fig. 5B, E). On its dorsal side the
cupule stalk is often extended into one or two short
apical protrusions (Figs 1F, 2A, B, 5A, E). This protru-
sion is formed mainly by transfusion tissue composed of
short tracheids with helical or scalariform thickenings
(Figs 2A, B, 5E).
In well-preserved and well-developed cupules, the

inner and outer cortical zones of the cupule stalk and
three flaps are similar in thickness as seen in transverse
and lateral sections (Figs 4A, B, F, 5A, B). In a smaller
cupule, which was perhaps aborted or preserved at an
early stage of development, the cupule stalk and three
flaps are composed mainly of parenchyma tissue (Fig.
4D), suggesting that the sclerenchyma tissue of the inner
cortical zone might form later during cupule
development.
The thick parenchyma of the cupules indicates that

they were probably originally fleshy (Fig. 9). However,
in many cupules the parenchyma tissue towards the out-
side is more-or-less degraded (Fig. 4E) or crushed form-
ing a darker layer (Figs 4C, 5C). In transverse section

3

Figure 2. Jarudia zhoui gen. et sp. nov., isolated seed-bearing units. A, B, median longitudinal sections of empty seed-bearing units,
showing the free tip (arrows) of the bract subtending and partially fused with the cupule stalk, and the straight profile of the elongate
abscission zone (AZ) at the base. In B note the short apical protrusion of the cupule and the irregularly distributed projections on the
outer cupule surface. A, PB23664 (Shi et al. 2021a). B, PB23679. C, longitudinal section of the partially fused bract and cupule
stalk, enlarged from A, showing the bract (arrows) composed mainly of slightly elongated parenchyma cells that lack dark contents,
and the cupule stalk composed mainly of elongate sclerenchyma cells with dark contents and the central vascular tissue. D, transverse
section of the partially fused bract and cupule stalk (Shi et al. 2021a) showing the well-preserved bract (arrows) composed mainly of
parenchyma cells and the cupule stalk composed mainly of sclerenchyma cells. Note the three separate vascular bundles close to the
midline (two above and one below) and conspicuous, free lateral margins of the bract (arrows). PB23668. E, transverse section of the
partially fused bract and cupule stalk, showing cupule stalk with one bilaterally symmetric vascular bundle, and degraded bract that is
fused with the cupule stalk in the midrib region. PB23671. F, detail of vascular bundle from the cupule stalk in E, showing radial
files of xylem tracheids (X) that are toward the lower side of the seed-bearing unit and sparse, partially decayed probable phloem
cells (P) that are toward the upper side of the seed-bearing unit. Scale bars: A, B ¼ 1mm; C–E ¼ 200lm; F ¼ 100lm.
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the parenchyma cells in the outer cortical zone are
irregular in shape with curved to sinuous cell walls and
lack dark contents (Fig. 4A, B, F). They vary consider-
ably in size, generally become larger, up to c. 80 lm in
diameter, toward the centre of the cupule stalk and flaps

(Fig. 4F). In longitudinal section these parenchyma cells
are isodiametric to longitudinally elongated (Fig.
5A, B).
The sclerenchyma cells of the inner cortical zone are

more-or-less isodiametric in transverse section,

Figure 3. Jarudia zhoui gen. et sp. nov., isolated seed-bearing units. A–C, transverse sections of seed-bearing unit from serial
sections of the specimen in Figure 1F from the base to the apex with the upper (inner) surface of the cupule stalk uppermost.
PB23667. A, transverse section of the fused bract and cupule stalk near the base of the cupule stalk (Shi et al. 2021a), showing two
bilateral symmetric (collateral) vascular bundles; the upper bundle with the xylem (toward lower side of the seed-bearing unit) partly
surrounded by a space above probably reflecting the partially decayed or torn phloem cells; the lower bundle with the xylem (toward
upper side of the seed-bearing unit) partly surrounded by a space below probably reflecting the partially decayed or torn phloem
cells. Note the two incipient lateral margins of the bract (arrows). B, transverse section of the seed-bearing unit near the base of the
cupule (Shi et al. 2021a), showing the bract (arrows) partially fused with the cupule stalk in the midrib region, but free along its
margins. Note that the bract, which is mainly composed of parenchyma tissue (Fig. 2D), is easily degraded. C, transverse section of
cupule with two seeds, showing flattened cupule stalk composed of inner cortical zone of sclerenchyma tissue, and outer cortical
zone of parenchyma tissue. Note two partially contiguous flattened vascular bundles embedded between the inner and outer cortical
zones, with the xylem (for detail see D) towards the outer surface of the cupule. D, detail of vascular bundles in cupule stalk in C
(Shi et al. 2021a), showing radial files of xylem tracheids (arrows) and the empty space that may represent partially decayed or torn
phloem cells (P). Scale bars: A ¼ 100lm; B, C ¼ 200lm; D ¼ 50lm
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commonly have dark contents, and become larger, up to
c. 110 lm in diameter, from the inner surface towards
the centre of the cupule stalk and flaps (Fig. 4A, B, F).
In longitudinal section these sclerenchyma cells are iso-
diametric to longitudinally elongated, and have distinct,
helical to reticulate secondary wall thickenings (Fig.
6E, F).
Most of the larger cupules are empty (Figs 1A, B,

2A, B, 5E), indicating that the seeds were shed at
maturity. Empty cupules are usually open along the four
corners between the cupule stalk and the flaps (Fig. 1B,
D), but the two lateral flaps are still fused with the
cupule stalk at the apex of cupule, as in cupules where
the two seeds are still present (Figs 1F, 4A, B). Where
two seeds are still tightly enclosed in the cupule, trans-
verse sections show that they fit closely together with
one of their three flattened faces facing each other so
that in transverse section they together form a rectangle
(Fig. 4A–C). This organization, with one seed with one
flat face adjacent to the cupule stalk, and the other seed
with one flat face adjacent to the median flap, is consist-
ent in all of our material (Fig. 4A–C). In the few
cupules that contain only one seed nearly half of the
cupule is empty, but the presence of two vascular bun-
dles in the flattened cupule stalk indicates that two seeds
were originally present.
The two vascular bundles present in the cupule stalk

continue distally into the cupule to supply the two
seeds. These two vascular bundles are flattened, more-
or-less bilaterally symmetric, and are embedded between
the outer cortical parenchyma zone and the inner cor-
tical sclerenchyma zone, but a bundle sheath is not seen
(Fig. 6A). The two bundles become further apart closer
to the points of seed attachment. At this level the xylem
is composed of 3–5 rows of radially aligned tracheids
and is toward the outer surface of the cupule: abaxial
relative to the cone axis (Figs 6A, 10D). In most
cupules the phloem is not preserved, and its position is
inferred by an empty space, but in some cupules radially
aligned sieve elements, which are thinner walled and
more flattened than tracheids in transverse section, are
present (Fig. 6A). These phloem cells are positioned
toward the inner surface of the cupule relative to the
xylem: adaxial relative to the cone axis (Fig. 6A).
Towards the apex of the cupule, near to the point

where the cupule stalk becomes strongly curved (Fig.
4A, B), the xylem of the two vascular bundles forms an
inverted ‘V’ (Figs 4F, 6B, 10E). The xylem composed
of 3–4 rows of tracheids in radial files is toward the
outer surface of the cupule: abaxial relative to the cone
axis (Figs 4F, 6B). Poorly preserved phloem, or the
space inferred to represent the former position of the
phloem, occurs lateral to the inverted ‘V’-shaped xylem

and toward the inner surface of the cupule relative to
the xylem (Figs 4F, 6B). The open part of the inverted
‘V’-shaped vascular bundle surrounds several smaller
thick-walled, sclerenchyma cells, and is itself sur-
rounded by transfusion tissue consisting of short trache-
ids with helical thickenings (Fig. 6B).
Near the tip of the strongly curved distal part of the

cupule stalk, close to the points of seed attachment, the
two vascular bundles are completely embedded in the
inner cortical sclerenchyma zone (Fig. 4E). At this level,
the xylem of each vascular bundle, as seen in its trans-
verse section, is circular and consists of radially aligned
rows, each of three to five tracheids (Figs 6C, D, 10F).
In the centre of the circle formed by the tracheids are a
few smaller very thick-walled sclerenchyma cells (Fig.
6C, D). The tracheids are more-or-less isodiametric to
slightly elongate in transverse section, c. 10–15 lm wide
tangentially and 12–22 lm wide radially, with helical or
scalariform secondary wall thickenings (Fig. 6G, H). In
most cupules the phloem is not preserved and its pos-
ition is inferred by a complete or incomplete ring of
empty space around the xylem (Figs 4E, 6D). However,
in a few cupules, there are delicate, flattened cells,
aligned radially around the xylem that may be sieve ele-
ments (Fig. 6C).
Each of the two vascular bundles ends in, and

expands into, a vascular disc of transfusion tissue that is
0.6–1mm in diameter, at the point of seed attachment
(Figs 2A, 4E, 5B, C, 7B–D). The vascular disc consists
of short, irregularly arranged transfusion tracheids with
helical or scalariform secondary wall thickenings (Fig.
7D, E). Each seed is borne on a thin pad of paren-
chyma, 1.0–1.2mm in diameter and 150 lm thick, that
is attached to the vascular disc of transfusion tissue
(Figs 4E, 5A–C, 7A, B). The pad is formed by c. 5–7
layers of thin-walled cells that are more-or-less isodia-
metric in longitudinal sections of the cupule (Fig. 7D).
The parenchyma tissue of the pad fits into a shallow
depression in the base of the seed. The parenchyma tis-
sue is often degraded (Figs 5B, 7A), but also occurs in
cupules from which the seeds have been shed (Fig. 2A).
Shedding of the seeds occurred along an abscission
layer between the seed base and the surface of the par-
enchyma pad.
The seeds are erect, sessile and borne near the apex

of the strongly curved distal portion of the cupule stalk
(Figs 1C, 5A–C, 8A). Curvature of the stalk of more
than 90� results in the micropyle of the seed being ori-
ented back towards the base of the cupule stalk and the
central axis of the cone (Figs 1B, C, 5A–C, 9). The
seeds are ovate in lateral outline, 3.2–3.8mm high,
2.7–3.3mm wide and three-angled in transverse section
(Figs 1E, 4A–C, 8B). The three more or less flattened
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lateral faces have narrow, weakly developed, lateral
wings (Figs 4A–C, 8B, D). The base of the seed is flat-
tened and sunken. It accommodates the pad of paren-
chyma through which it is attached to the cupule prior
to shedding of the seed (Figs 4E, 5A–C, 7A, B, 8A). As
a result of its flattened basal attachment area the seed
has an overall tetrahedral shape (Fig. 1E). At the apex
of the seed is a short bifid micropyle (Fig. 8A).
The single integument is parenchymatous and consists

of an outer epidermis, an outer zone of isodiametric
thick-walled cells, an inner zone of irregularly shaped
thin-walled cells, and an inner epidermis with a prob-
able inner cuticle (Fig. 8C–E). The seed coat is not vas-
cularized. The carbonized outer epidermis of the
integument consists of delicate rectangular cells that are
dark in colour (Fig. 8C–E). The epidermal cells are
15–20lm wide in transverse sections of the seed. The
outer zone of the integument is composed of 3–4 layers
of isodiametric thick-walled cells that lack dark internal
contents and are c. 15–25 lm in diameter in transverse
sections of the seed. The weakly developed seed wings
are formed mainly by these thick-walled parenchyma
cells, and a small group of sclerenchyma cells beneath
each wing where it joins the body of the seed (Fig. 8D).
In most seeds the inner zone of the integument is
crushed or degraded into a thinner, dark-coloured layer
lacking cellular details (Fig. 8C). However, in a few
seeds the inner zone is up to 120 lm thick and well pre-
served (Fig. 8E). It is composed of irregularly shaped,
isodiametric to elongate thin-walled parenchyma cells
with anticlinal walls that appear sinuous in transverse
section (Fig. 8E). The inner epidermis is carbonized and
consists of dark-coloured, rectangular cells similar to
those of outer epidermis (Fig. 8C, D). In some speci-
mens there is a probable inner cuticle immediate
beneath the inner epidermis (Fig. 8E), or separated from
the inner epidermis (Fig. 8A). The bifid micropyle is

formed by extension of the entire integument, including
the outer epidermis, the outer zone of thick-walled cells
and the inner zone of thin-walled cells (Fig. 8A).
The nucellus is free from the integument except at

the base and is generally shrunken to varying degrees
(Figs 4B, C, 5A, B, 7A, B, 8A, B). The nucellus is
unvascularized and consists of a thin outer cuticle and a
thin megaspore membrane separated by a few layers of
parenchyma cells (Fig. 8F). In most seeds the layers of
parenchyma are either crushed or not preserved (Fig.
8A, B), but in a few seeds the parenchyma is better pre-
served and is five to six cells thick (Fig. 8F). The indi-
vidual parenchyma cells are thin-walled, variously
shaped, irregularly arranged, generally slightly elongate,
and lack dark internal contents (Fig. 8F). In longitudinal
sections of a few seeds, the tip of the nucellus forms a
short nucellar beak (Fig. 8A). The megagametophyte is
rarely preserved and even in the best specimens all that
remains is the variously shrunken megaspore membrane
with no distinct internal contents (Figs 4B, 8A, B).
Bisaccate pollen grains of the Alisporites-type occur

inside the integument of a few seeds at the tip of the
nucellus (Fig. 7F). Similar pollen grains are common
adhering to the outer surface of cupules or seeds. The
pollen grains are elliptical in polar view and 50–70 lm
long (saccus to saccus). The corpus is circular to elliptic
in polar view, c. 45lm wide and usually more than half
of the length of the grain. The corpus is non-striate with
an elliptical to oblong sulcus transverse to the equatorial
diameter of the grain on the presumed distal surface
(Fig. 7F). Sacci are weakly developed, attached laterally
to the corpus, and do not protrude from the elliptical
outline of the grain (Fig. 7F). They are crescent-shaped
with fine endoreticulations (Fig. 7F).

Comparisons and nomenclature. Comparisons under-
taken previously for lignitic material from Mongolia
with species of Umkomasia from the Triassic of

3

Figure 4. Jarudia zhoui gen. et sp. nov., cupules. A–D, median transverse sections of individual cupules showing two tightly
enclosed seeds that are triangular in transverse section. In A and B the cupule stalk and flaps are more or less equally anatomically
differentiated into an outer cortical zone of parenchyma tissue, and an inner cortical zone of sclerenchyma tissue. Note the two
vascular bundles in the cupule stalk (below) that supply the two seeds. In A the two lateral flaps are fused to the cupule stalk
(below) while the median flap has torn free, in B the two lateral flaps are fused with the cupule stalk (below) and the median flap,
and median flap is torn in the middle. A, PB23680. B, PB23670. C, cupule with the lateral flaps torn free from the cupule stalk
(below) and from the median flap (Shi et al. 2021a), but note the clean untorn lower edge of the flap to the left. Note also the
weakly defined projections on the outer surface of the lateral flaps, that the cupule stalk has two vascular bundles, and the strongly
crushed cells of the outer parenchyma zone. PB23665. D, transverse section of smaller cupule with two shrivelled, probably aborted,
triangular seeds, showing that the cupule stalk and flaps are mainly composed of parenchyma tissue. PB23681. E, oblique transverse
section of cupule (Shi et al. 2021a) showing the attachment of one of the two seeds (right) in each cupule to the pad of parenchyma
tissue and the vascular bundle with a ring of xylem. PB23673. F, detail of cupule stalk in transverse section enlarged from B,
showing a distinct outer cortical zone (below) composed of parenchyma cells that lack internal contents, and inner cortical zone
composed of sclerenchyma cells with dark internal contents reflecting the thick cell walls and small cell lumens. Note the two
vascular bundles (arrows) embedded in between the parenchyma and sclerenchyma zones. PB23670. Scale bars: A–C, E ¼ 1mm; D,
F ¼ 200lm.
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Figure 5. Jarudia zhoui gen. et sp. nov., cupules. A–C, median longitudinal section of cupules showing one of the two seeds
attached at the tip of the strongly reflexed cupule stalk, which results in the micropyle being oriented toward the base of the cupule
stalk. Note that seeds are attached only to the cupule at the base, and the remains of the nucellus within the seeds are attached only
to the integument at the base. Note also the irregularly distributed and variably-sized tooth-like conical projections on the outer
surface of the cupules. A, PB23682. B, note the distinct outer cortical zone composed of parenchyma cells that lack internal contents,
and inner cortical zone composed of sclerenchyma cells with dark internal contents reflecting the thick cell walls and small cell
lumens (Shi et al. 2021a). PB23674. C, partially broken cupule (Shi et al. 2021a) showing the vascular disc (VD) of short tracheids
that supplies one of the two seeds, and the corresponding pad of parenchyma tissue (Pad) on the inner surface of cupule at the point
of seed attachment. Note the upturned lip of the median cupule flap (arrow). PB23666. D, oblique longitudinal section of cupule
showing two tightly enclosed seeds. PB23683. E, longitudinal section of an empty cupule, showing the upturned lip of the median
cupule flap (arrow), and distinct irregular teeth on the cupule surface. Note that the larger teeth are formed by the epidermis,
hypodermis and parenchyma tissue of the outer cortical zone; the smaller teeth are formed by only the epidermis and hypodermis;
compare also A and B. PB23684. All scale bars ¼ 1mm.
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Gondwana (Shi et al. 2016, 2019) apply equally to
Jarudia zhoui, and are not repeated here. The similar-
ities and differences from the Triassic material are con-
sidered in more detail below, but Jarudia zhoui is
clearly distinct from any previously described corysto-
sperm material. Most similar to Jarudia zhoui are
Umkomasia mongolica (¼ Doylea mongolica) from the
Early Cretaceous Tevshiin Govi locality in central
Mongolia (Rothwell & Stockey 2016; Shi et al. 2016,
2019) and Doylea tetrahedrasperma from the Early
Cretaceous Apple Bay locality, northern Vancouver
Island, western Canada (Stockey & Rothwell 2009;
Rothwell & Stockey 2016). These similarities require
consideration of the most appropriate nomenclatural
treatment of these and similar species.
Umkomasia mongolica and Doylea tetrahedrasperma

both resemble Jarudia zhoui, in having a compound
seed cone consisting of a central axis bearing helically
arranged seed-bearing units, each of which consists of
an elongate bract subtending and partially fused to a
cupule-bearing axis. In all three species individual
cupules are formed by a strongly curved cupule stalk
together with flaps that enclose one or two three-angled
seeds. The seed is borne at or near the tip of the
strongly curved portion of the cupule stalk and that
curvature results in the micropyle of the seed being ori-
ented back toward the base of the cupule stalk and the
axis of the cone. However, Jarudia zhoui is distinct in
having an unbranched cupule-bearing axis that bears a
single cupule at the tip. Each cupule is formed by the
cupule stalk and three flaps and contains two seeds. In

U. mongolica and D. tetrahedrasperma the cupule-bear-
ing axis bifurcates, each branch bears a cupule. Each
cupule is formed by the cupule stalk and two lateral
flaps and contains a single seed. These differences jus-
tify placement of the silicified material from Inner
Mongolia in the new genus Jarudia.
In his description of the original corystosperm mater-

ial from South Africa, Thomas created three genera,
Pilophorosperma, Spermatocodon and Umkomasia, for
which separate diagnoses were provided. Subsequently,
Holmes (1987) subsumed Pilophorosperma within
Umkomasia. Anderson & Anderson (2003) supported
this approach and further subsumed Spermatocodon
under Umkomasia on the basis of more extensive collec-
tions from the type locality than Thomas had available
(Anderson & Anderson 2003; Anderson et al. 2019a).
Holmes (1987) provided an emended diagnosis.
Umkomasia mongolica was described based on excep-

tionally well-preserved three-dimensional lignitic mater-
ial, which was assigned to Umkomasia because it
corresponded in all essential features to the diagnosis of
the genus as emended by Holmes (1987) based on
material from the Triassic of the Southern Hemisphere
(Shi et al. 2016, 2019). The only differences appeared
to relate to details of the seeds. The emended diagnosis
of Holmes (1987, p. 166) notes that each cupule bears
“a single platyspermic ovule with a recurved micro-
pyle”, whereas in Umkomasia mongolica and Doylea
tetrahedrasperma the ovules are triangular in cross-sec-
tion and there is no conspicuous recurved micropyle in
U. mongolica.

3

Figure 6. Jarudia zhoui gen. et sp. nov. A–D, detail of vascular bundles in cupule stalk at different levels, all oriented as the
vascular bundles in Figures 3, 4, with the upper side of each bundle toward the inner side of the cupule, and the lower side of each
bundle toward the outer side of the cupule. A, vascular bundle near the base of the cupule, showing xylem, composed of radially
aligned files of tracheids, toward the outer side of cupule, and flattened, poorly preserved, partly torn sieve cells (P) toward the inner
side of cupule. Note that the vascular bundles are embedded in between the thinner walled cells of the parenchyma zone (below) and
the thick walled cells of the sclerenchyma zone. PB23669. B, vascular bundle near the apex of cupule, showing inverted ‘V’-shaped
organization of weakly developed and poorly aligned xylem toward the outside of the cupule and poorly preserved phloem (P)
laterally and toward the inside of the cupule. Note the transfusion tissue (arrows) composed of cells with helical thickenings around
the vascular bundle. PB23680. C, vascular bundle close to the point of seed attachment (Shi et al. 2021a) showing an almost
complete xylem cylinder composed of three to five layers of tracheids, some of which are arranged in discrete radial files surrounding
a small group of about eight sclerenchyma cells with very thick walls, dark internal contents and small lumens. The xylem is
surrounded by possible flattened, poorly preserved sieve cells (P) and a space that may represent the torn former position of the
phloem and that is most prominent toward the outer side of cupule in contrast to A and B (and perhaps D) where the space indicating
the possible former position of the phloem is toward the inner side of cupule. PB23671. D, vascular bundle close to the point of seed
attachment showing circular arrangement of xylem composed of three to five layers of tracheids, a few of which are arranged in
discrete radial files, surrounded by empty space that may represent the former position of phloem. Note that the xylem surrounds a
small group of sclerenchyma cells, and the transfusion tissue (arrows) composed of tracheids with helical thickenings around the
vascular bundle. PB24571. E, detail of sclerenchyma cells in longitudinal section from the inner cortical zone of the cupule stalk,
showing strongly thickened secondary walls with prominent transverse pits. PB24572. F, detail of sclerenchyma cell in longitudinal
section from the inner cortical zone of the cupule stalk, showing helical to reticulate secondary wall thickenings and prominent
transverse pits. PB24573. G, detail of tracheids in cupule stalk showing helical secondary wall thickenings. PB24574. H, detail of
tracheids in cupule stalk showing scalariform secondary wall thickenings. PB24575. Scale bars: A ¼ 50lm; B–E ¼ 100lm; F–H
¼ 20lm.
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Figure 7. Jarudia zhoui gen. et sp. nov. A, B, oblique transverse section of seed-bearing units, showing cupule containing two seeds
each attached to the pad of parenchyma tissue (Pad) that is borne on the vascular disc of transfusion tissue composed of short
transfusion tracheids (VD). Note the fusion of the cupule stalk and bract in the lower part of both sections (below). A, PB24576. B,
PB24577. C, detail of the vascular disc (VD) of transfusion tissue continuous with the pad-like structure of parenchyma tissue (Pad)
at the point of seed attachment, enlarged from B. D, longitudinal section showing the vascular tissue merging into the transfusion
tracheids that comprise the vascular disc (VD) and the pad of isodiametric parenchyma cells to which the seed is attached (Pad),
enlarged from Figure 5C. PB23666. E, detail of the short transfusion tracheids with helical or scalariform secondary wall thickenings
that comprise the transfusion tissue of the vascular disc in the cupule stalk at the point of seed attachment, enlarged from Figure 4E.
PB23673. F, bisaccate pollen grain adhering to the tip of nucellus within the integument (Shi et al. 2021a). PB23678. Scale bars: A,
B ¼ 1mm; C, D ¼ 200lm; E ¼ 20lm; F ¼ 10lm.
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In assigning the material from Mongolia to
Umkomasia, as Umkomasia mongolica, Shi et al. (2016,
2019) took the same approach as other authors who
have assigned seed-bearing organs with reflexed cupules
to Umkomasia from a variety of late Paleozoic and
Mesozoic localities. These include material from the
late Permian of India (Chandra et al. 2008) and Jordan
(Blomenkemper et al. 2020), the Late Triassic of north-
ern China (Zan et al. 2008), and the Late Triassic and
Early Jurassic of Germany (Kirchner & M€uller 1992;
Kelber & van Konijnenburg-Van Cittert 1997).
Doylea tetrahedrasperma was described based on per-

mineralized material (Stockey & Rothwell 2009;
Rothwell & Stockey 2016). Originally considered a pos-
sible corystosperm based on the structure and anatomy
of individual cupules (Stockey & Rothwell 2009), D.
tetrahedrasperma was later regarded as distinct from the
corystosperms and placed in a separate order Doyleales
(Rothwell & Stockey 2016). This revised interpretation
was heavily influenced by the discovery that Doylea
seed-bearing units were borne in a compact compound
cone, a conifer-like feature not recognized in corysto-
sperm material from the Triassic of the Southern
Hemisphere (Rothwell & Stockey 2016). This led to the
conclusion that the cupules of the Early Cretaceous
material from Canada and Mongolia were different from
the cupules of corystosperms from the Triassic
(Rothwell & Stockey 2016; Klymiuk et al. 2022). The
hypothesized non-homology of the Triassic and Early
Cretaceous cupules was also incorporated into a phylo-
genetic analysis of seed plants, and the results suggested
that Doylea and corystosperms were only very distantly
related (Rothwell & Stockey 2016; Klymiuk
et al. 2022).
Based on the clear similarities between Umkomasia

mongolica and Doylea tetrahedrasperma, Rothwell &
Stockey (2016) transferred U. mongolica to Doylea as
D. mongolica. Shi et al. (2016) had previously

recognized and acknowledged the same similarities
between U. mongolica and D. tetrahedrasperma in the
overall organization of individual seed-bearing units and
structure of individual cupules, and these were further
confirmed with the discovery that the seed-bearing units
of U. mongolica, like those of D. tetrahedrasperma,
were borne in compound cones (Shi et al. 2019).
Consideration of whether or not the recognition of

Doylea as distinct from Umkomasia is warranted could
take into account a variety of factors but seems critically
dependent on three considerations: (1) the weighting of
similarities in the cupules versus apparent differences in
the axes on which the cupules are borne; (2) the weight
given to the other organs believed to be associated with
the seed-bearing structures; and (3) whether a broad or
narrow concept of Umkomasia is preferred. In assigning
the material from Mongolia to Umkomasia, Shi et al.
(2019) emphasized similarities in the structure of the
cupules in the Triassic and Early Cretaceous material
and also noted that recognizing Doylea renders a broad
concept of Umkomasia paraphyletic. However, they also
noted that as the seed-bearing organs of these extinct
plants became better understood an appropriate solution
might be to create several new and clearly defined gen-
era of seed-bearing organs within a broader concept of
Umkomasiales.
In their recent review Anderson et al. (2019a) take

the opposite approach to Shi et al. (2019); they weight
differences in the axes on which the cupules are borne
more than similarities in the structure of the cupules,
they emphasize the different leaves associated with the
Triassic and Early Cretaceous material, and they favour
a narrow concept of Umkomasia. They support the
transfer of Umkomasia mongolica to Doylea by
Rothwell & Stockey (2016). They also create a new
genus (Kirchmuellia) for the material from the Early
Jurassic of Germany (Kirchner & M€uller 1992), assign
the Chinese Triassic material (Zan et al. 2008) to
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Figure 8. Jarudia zhoui gen. et sp. nov., seeds attached to cupules. A, longitudinal section of seed (Shi et al. 2021a), showing the
remains of the bifid micropyle (arrows), the nucellus (n) attached to the integument only at the base, the probable nucellar beak (nb),
megaspore membrane (m) and remains of presumed megagametophyte (mg). Note that a probable inner cuticle of the integument (ic)
has separated from the rest of the developing seed coat. PB23675. B, oblique transverse section of a seed showing the triangular
outline, the free shrunken nucellus (n) and megaspore membrane (m). PB24578. C, detail of integument in transverse section,
showing the carbonized outer epidermis (oe), the outer zone (oz) composed of 3–4 layers of isodiametric, thick-walled parenchyma
cells that lack dark internal contents, the inner zone (iz) of crushed parenchyma tissue, and the carbonized inner epidermis (ie).
PB24579. D, detail of integument in transverse section, showing the carbonized outer epidermis (oe), the outer zone (oz) of
isodiametric thick-walled cells, the inner zone (iz) of thin-walled cells, and the inner epidermis (ie). Note the small group of
sclerenchyma cells with very thick cell walls and dark internal contents beneath the short wing at the seed angle (arrow). PB23665.
E, detail of integument in transverse section, showing the carbonized outer epidermis (oe), the outer zone of crushed parenchymatous
tissue (oz), the inner zone (iz) of irregularly shaped thin-walled parenchyma cells, the carbonized inner epidermis (ie), and a probable
detached inner cuticle (ic). PB24580. F, detail of nucellus, showing the thin nucellar cuticle (nc) and irregularly shaped parenchyma
cells (arrows) internal to the nucellar cuticle (external to the megaspore membrane, not included in this image). PB24580. Scale bars:
A, B ¼ 0.5mm; C–E ¼ 100lm; F ¼ 50lm.
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Figure 9. Jarudia zhoui gen. et sp. nov., restoration of seed cone. The seed cone is reconstructed as pendulous on the basis of the
flexible and curving axis of the cone.
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Stenorachis and treat the cupules from the Permian of
India (Chandra et al. 2008) as cf. Arberiopsis sp.
Anderson et al. (2019a) also exclude Umkomasia unira-
mia from the Late Triassic of Antarctica (Axsmith et al.
2000) and create the new genus Axsmithia. The goal of
the revision by Anderson et al. (2019a) is to demon-
strate that Umkomasia “should be retained in the more
narrow sense as the fertile organ of the plants bearing
Dicroidium leaves” to which they also affiliate the pol-
len organ Pteruchus (Anderson et al. 2019b, p. 2). In
later reviews of the Dicroidium leaves and the
Pteruchus pollen organs Anderson et al. (2019b, 2020)
also exclude all Northern Hemisphere and Gondwanan
Permian records.
Anderson et al. (2019a) provide a revised diagnosis

for Umkomasia that differs from the original one pro-
vided by Thomas (1933) and the emended one by
Holmes (1987), most significantly in the treatment of
the manner in which the cupules are borne. The original
diagnosis for the family Corystospermaceae states,
“Seed bearing inflorescence with lateral branches pro-
duced in the axils of bracts and pedicellate cupules”
(Thomas 1933, p. 199). The Holmes diagnosis for
Umkomasia states “An ovulate inflorescence comprising
an axis with branches arising from axils of bracts”
(Holmes 1987, p. 166). The Anderson et al. diagnosis
states “Strobilus of lax paniculate form with helically
attached megasporophylls” (Anderson et al. 2019a,
p. 45). Emphasizing the “lax paniculate form” of the
strobilus excludes Doylea tetrahedrasperma, which has
been interpreted as a “compact compound seed cone”
(Rothwell & Stockey 2016, p. 924), but omitting
“branches arising from axils of bracts” obscures an
important point of similarity between Triassic and Early
Cretaceous forms that we consider in more detail below.
Bracts and bracteoles are also not included in the com-
parative diagrams of Umkomasia seed-bearing structures
in Anderson et al. (2019a, fig. 3), although they are
clearly present and are included in the drawings and
diagnoses of Umkomasia seed-bearing structures in
Anderson & Anderson (2003).
The effect of the taxonomical changes described

above is that the distinctiveness of the seed-bearing
organs of Umkomasia sensu Anderson et al. (2019a)
from the equivalent organs in the Early Cretaceous
material rests almost entirely on the morphology of the
‘lax paniculate strobilus’ to which the cupules are
attached. We think that in seeking to define Umkomasia
as ‘more natural’ in this way Anderson et al. (2019a)
may have had the opposite effect, because as Anderson
et al. themselves note, the reconstruction of Umkomasia
resinosa from the Triassic of Antarctica (Klavins et al.
2002), which is associated with Dicroidium leaves

(Klavins et al. 2002), conflicts with their emended diag-
nosis in that cupules are borne helically and alternately
on a shoot.
Revising the taxonomical treatment of Permian and

Triassic corystosperms is beyond the scope of this
paper. It will require detailed study of the original
material of the cupules themselves and structures to
which the cupules are attached. However, given the
clear similarities between the bicupulate seed-bearing
units of Umkomasia mongolica and Doylea tetrahedras-
perma from the Early Cretaceous of Mongolia and
Canada respectively, and to avoid further taxonomical
and nomenclatural distractions, we accept the transfer of
U. mongolica to Doylea as Doylea mongolica (Rothwell
& Stockey 2016). The bicupulate seed-bearing units of
Umkomasia corniculata (Shi et al. 2019) are also very
similar to those of D. tetrahedrasperma and D. mongol-
ica and we therefore also transfer the species to Doylea
as Doylea corniculata.

The third kind of corystosperm seed bearing unit
from the Early Cretaceous Tevshiin Govi locality,
Umkomasia trilobata, is distinct from Doylea tetrahe-
drasperma, D. mongolica and D. corniculata in its tricu-
pulate, trilobed, flattened seed-bearing units (Shi et al.
2019). We therefore assign the species to a new genus
as Tevshiingovia trilobata. Also distinct are the permin-
eralized, unicupulate seed bearing units of
Jarudia zhoui.

Genus Doylea Stockey & Rothwell, 2009

Type species. Doylea tetrahedrasperma Stockey &
Rothwell 2009.

Doylea corniculata (Shi, Crane, Herendeen, Ichinnorov,
Takahashi & Herrera) Shi, Herrera, Herendeen, Clark &

Crane comb. nov.

2019 Umkomasia corniculata Shi, Crane, Herendeen,
Ichinnorov, Takahashi & Herrera in J. Syst.
Palaeontol. 17: 1002, figs 1E–H, 3–6.

Material. Holotype: PP56618, (Shi et al. 2019, fig.
4A), deposited in the Paleobotanical Collections, The
Field Museum, Chicago, Illinois, USA.

Species diagnosis. As given for Umkomasia corniculata
in Shi et al. (2019).

Remarks. Doylea corniculata is known from three-
dimensionally preserved, isolated seed-bearing units and
cupules that are strikingly similar to those of D. tetrahe-
drasperma, the type species of the genus. The organiza-
tion of the bicupulate seed-bearing units is almost
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identical. The individual cupules are formed by a
strongly recurved cupule stalk and two lateral flaps that
partially enclose a single three-angled seed with a bifid
micropyle. Especially characteristic is the prominent,
corniculate protrusion at the apex of the cupule, which
is present in D. corniculata and D. tetrahedrasperma,
but inconspicuous in D. mongolica and Jarudia zhoui.
The distinct elongated abscission zone at the base of
each seed-bearing unit in D. corniculata also suggests
that they were deciduous lateral units shed from a cone-
like structure as in D. tetrahedrasperma, D. mongolica
and Jarudia zhoui. Doylea corniculata and D. tetrahe-
drasperma are distinguished mainly by the extent of
seed enclosure at maturity. At maturity the seed is com-
pletely or nearly completely enclosed by the cupule in
D. tetrahedrasperma (Stockey & Rothwell 2009), but
only partially enclosed by the cupule in D. corniculata,
D. mongolica and J. zhoui (Shi et al. 2019, 2021a).
Doylea corniculata also differs from D. tetrahedras-
perma in having minute teeth on the outer surface of
cupule (Shi et al. 2019).

Type locality. Tevshiin Govi coal mine (45�58054ʺ N,
106�07012ʺ E), Central Mongolia.

Stratigraphy and age. Tevshiin Govi Formation,
Aptian–Albian (125–100.5Ma), Lower Cretaceous.

Genus Tevshiingovia Shi, Herrera, Herendeen, Clark &
Crane gen. nov.

Type species. Tevshiingovia trilobata (Shi, Crane,
Herendeen, Ichinnorov, Takahashi & Herrera) Shi,
Herrera, Herendeen, Clark & Crane comb. nov.

Generic diagnosis. Individual seed-bearing units con-
sisting of a narrowly obovate bract subtending and
partially fused to a flattened axis that is divided dis-
tally into three modified branches that together form a
three-lobed scale. Each lobe bearing a single cupule.
Each cupule formed by the lamina of the lobe and
two or three flaps, and containing a single seed. Each
lobe is recurved, resulting in the micropyle of the
seed being oriented back towards the base of the
seed-bearing unit. Seeds ovate in lateral outline,
three-angled, with a flat basal triangular attach-
ment scar.

Derivation of generic name. The generic name derives
from the Tevshiin Govi open-cast lignite mine in central
Mongolia where the specimens were collected.

Tevshiingovia trilobata (Shi, Crane, Herendeen,
Ichinnorov, Takahashi & Herrera) Shi, Herrera,

Herendeen, Clark & Crane comb. nov.

2019 Umkomasia trilobata Shi, Crane, Herendeen,
Ichinnorov, Takahashi & Herrera in J. Syst.
Palaeontol. 17: 1008, figs 1I–L, 8–11.

Material. Holotype: PP56946 (Shi et al. 2019, fig. 9A),
deposited in the Paleobotanical Collections, The Field
Museum, Chicago, Illinois, USA.

Type locality. Tevshiin Govi coal mine (45�58054ʺ N,
106�07012ʺ E), Central Mongolia.

Stratigraphy and age. Tevshiin Govi Formation,
Aptian–Albian (125–100.5Ma), Lower Cretaceous.

Derivation of the species name. The species name
derives from the three-lobed structure.

Species diagnosis. As the specific diagnosis given for
Umkomasia trilobata in Shi et al. (2019).

Remarks. Tevshiingovia trilobata is known from three-
dimensional, lignified, isolated tricupulate and trilobed
seed-bearing units that are distinctly different from the
bicupulate seed-bearing units of Doylea and the unicu-
pulate seed-bearing units of Jarudia. Also distinctive is
the flattened, scale-like cupule-bearing axis with a cen-
tral lobe in which the cupule, which contains a single
seed, is formed by the flattened cupule stalk and three
flaps. However, there are also strong similarities with
Doylea and Jarudia in the strongly reflexed cupules
containing a single, three-angled seed, and a flattened
bract that subtends and is partially fused to the cupule-
bearing axis. The distinct abscission zone at the base of
each seed-bearing unit in T. trilobata also suggests that
they were deciduous, lateral units shed from a cone-like
structure as in D. tetrahedrasperma, D. mongolica,
Jarudia zhoui and probably D. corniculata.

Homology of Triassic and Early Cretaceous
corystosperm cupules

The formal nomenclatural adjustments made above are
independent of whether the cupules of Triassic
and Early Cretaceous corystosperms are homologous.
However, non-homology, and assumed parallelism, is
implied by Anderson et al. (2019a) and is incorporated
explicitly into the approach and phylogenetic analyses
of Klymiuk et al. (2022). We take the opposite view.
We regard the cupules of Triassic and Early Cretaceous
corystosperms as homologous because: (1) there are no
significant features of the cupules themselves that differ
between the material known from the Triassic of the
Southern Hemisphere and the Early Cretaceous of the
Northern Hemisphere; and (2) the cupule-bearing shoots
in both the Triassic and Early Cretaceous material are
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consistently borne in the axil of a bract and therefore
are morphologically branches rather than leaves.
With regard to the cupules themselves, we do not

regard the difference in size mentioned by Anderson
et al. (2019a) as either clear or significant, and the sug-
gestion of differences in stomatal structure deserve more
detailed examination. Neither the Triassic nor the Early
Cretaceous material has been carefully analysed for this
character using a modern approach or similar techni-
ques. More interesting are two other features of the
cupules, the presence or absence of a short protrusion at
the apex of the cupule and the extent to which the
cupule stalk contributes to enclosure of the seed.
Anderson et al. (2019a) note that there is often a pro-

trusion at the apex of the cupule in Doylea mongolica
but that this is not seen in Triassic Umkomasia species.
This is a significant point because this protrusion is an
especially well-developed characteristic feature of D.
tetrahedrasperma and D. corniculata. It is also often
present, but only weakly developed, in Jarudia zhoui. In
cupules of Doylea mongolica the presence or absence of
this protrusion and the extent of its development is vari-
able (compare Shi et al. 2016, fig. 1 and fig. S1i–l with
fig. 2a, b, c, e and fig. S1a–h, m–p). Therefore, while
the absence of the protrusion in Triassic Umkomasia
species is an interesting issue to follow up, in our view
it does not constitute a basis for regarding the cupules
of Triassic and Early Cretaceous plants as fundamentally
different.
A further potential difference between the cupules of

Triassic and Early Cretaceous plants not addressed by
others, but that deserves careful study in well-preserved
Triassic material, is the extent to which the cupule stalk
participates in enclosing the seed; in other words,
whether the cupule stalk is separate from, or integral to,
the structure of the cupule. In Doylea, Tevschingovia
and Jarudia the cupule stalk is distinctly flattened, has
the same tissue differentiation as the cupule flaps, and is
integral to the enclosure of the seeds. In contrast, in
much of the Triassic material (Anderson & Anderson
2003) the enclosing cupule appears to be borne on the
reflexed tip of a more distinct cupule stalk. The incorp-
oration of the cupule stalk into the cupule itself is often
less marked, particularly in the 11 ‘pedicellate’ species
of Umkomasia recognized by Anderson et al. (2019a).
A more distinct cupule stalk than in the Early
Cretaceous species is also consistent with the circular,
rather than flattened, cross-section of the cupule stalk in
the permineralized material of Umkomasia resinosa
(Klavins et al. 2002). However, while the cupule stalk
in the three-dimensionally preserved cupules of
Umkomasia uniramia (Axsmithia sensu Anderson et al.
2019a) also appears to be terete, there does not appear

to be a flap of tissue separating the interior of the
cupule from the stalk. This also appears to be the case
in U. macleani (Thomas 1933, figs 1, 2) and U. verru-
cosa (¼U. macleani sensu Anderson, Thomas 1933, fig.
6). Also, in the three species of Umkomasia recognized
by Anderson et al. (2019a) as having ‘sessile’ cupules
(Umkomasia grandis, Umkomasia sessilis and
Umkomasia decussata), the cupule stalk appears to be
more fully integrated into the cupule structure, which is
also consistent with the open cupule of Umkomasia
grandis figured by Anderson & Anderson (2003, p. 245,
fig. 1). Future studies of this feature, based on well-pre-
served material, would be worthwhile to establish the
extent of similarities and differences, but based on cur-
rent knowledge we do not regard this apparent differ-
ence as a sufficiently strong basis for regarding the
cupules of the Triassic and Early Cretaceous material as
non-homologous.
Most discussions that favour non-homology of the

cupules in Triassic and Early Cretaceous corystosperms
(Stockey & Rothwell 2009; Rothwell & Stockey 2016;
Anderson et al. 2019a; Rothwell et al. 2021; Klymiuk
et al. 2022) are based not on the cupules themselves,
but on the long-standing and widely adopted conven-
tional interpretation that the seeds of Triassic corysto-
sperms are borne on leaves (megasporophylls; Crane
1985; Doyle & Donoghue 1986; Klavins et al. 2002;
Doyle 2006; Hilton & Bateman 2006; Stockey &
Rothwell 2009; Rothwell & Stockey 2016; Anderson
et al. 2019a; Rothwell et al. 2021; Klymiuk et al.
2022), whereas that is clearly not the case for the Early
Cretaceous material.
The cupule of Doylea tetrahedrasperma was inter-

preted initially as a leaf-derived structure with the seed
borne on the abaxial surface (Stockey & Rothwell 2009;
Rothwell & Stockey 2016), but the description of
Jarudia from Inner Mongolia, and additional material of
Doylea from Mongolia, makes the morphological situ-
ation in the Early Cretaceous material very clear: the
seed is borne terminally or nearly terminally on a stem
(Shi et al. 2019, 2021a). Klymiuk et al. (2022) acknow-
ledge that in Doylea the seed is borne on a fertile shoot,
but they interpret the lateral cupule-bearing structure in
Triassic Umkomasia as a leaf homologue. In our view
the structures on which the seed is borne in the Triassic
material is a modified stem because in all material of
Umkomasia from the Late Triassic Molteno flora the
lateral cupule-bearing structure arises from the axil of a
bract (Thomas 1933; Anderson & Anderson 2003).
We also see no evidence to support the suggestion
of Townrow (1962) that the ‘bracteoles’ associated
with the cupule-bearing axes of Umkomasia are
reduced pinnules.

Rethinking the corystosperm concept 21



In addition to long standing morphological orthodoxy,
which can be traced back to Goethe and that gives mor-
phological primacy to the leaf in plant comparative
morphology, the idea that the cupule-bearing structures
of Triassic Umkomasia are highly modified leaves was
given some credence by the early observation of slight
dorsiventrality in the cuticles prepared from the cupule-
bearing axes. This was noted by Thomas (1933) in his
initial careful assessment and description of the original
material from the Triassic of South Africa and led him
to suggest that the cupule-bearing structures may have
been flattened in life. However, he nevertheless strongly
favoured the interpretation that the cupules are borne on
proliferated axes and he regarded the positional relation-
ship of the cupule-bearing axes to their subtending bract
as decisive. He noted that while these “branches appear
at first sight like the pinnae of a sporophyll, they are
generally seen to arise in the axils of bracts.” (Thomas
1933, p. 200). The bracts are seen clearly in Thomas’
material including in the holotype (specimen U11),
which is often re-illustrated (Klavins et al. 2002;
Anderson & Anderson 2003) and which we have exam-
ined. The bracts are also clearly visible in Thomas’
photograph and line drawings of specimen U11 in which
all three of the lateral cupule-bearing axes arise in the
axil of a bract (Thomas 1933, fig. 1, see also the detail
in Thomas 1933, fig. 4). While bracts are not seen sub-
tending the cupule-bearing axes of all specimens, most
likely due to poor preservation, they are clear in several
other of Thomas’ figures (Thomas 1933, figs 5, 8, 12,
14, 18, 22, 25). Contrary to Rothwell et al. (2021) we
do not believe these structures were ‘misinterpreted’
by Thomas.
Bracts subtending the axes on which the cupules are

borne are clearly visible in the very extensive collec-
tions of Umkomasia made from several localities in the
Triassic Molteno Formation of South Africa by
Anderson & Anderson (2003). The line drawings and
reconstructions of all the Umkomasia species considered
by Anderson & Anderson (2003) clearly show the bract
subtending each lateral cupule-bearing axis (Anderson
& Anderson 2003, e.g. p. 244, p. 246, figs 3, 5, 6, p.
247, figs 2–4, p. 248, figs 2, 5, p. 249, figs 2, 4), and
they also include the features of bracts (as bracteoles) in
the diagnosis of the genus and individual species. While
it may be the case that compared to the Early
Cretaceous material the bracts (bracteoles of Thomas
1933; Anderson et al. 2019a) are relatively short in rela-
tion to the length of the axis they subtend (Anderson
et al. 2019a) it is their presence, not their size, that is
important. The presence of bracts is unequivocal and the
paired bracteoles that are often present midway along

the axis just distal to the point of attachment are classic
features of proleptic growth.
Also relevant, as noted above, is the emended diagno-

sis of Umkomasia provided by Holmes (1987, p. 166)
which includes the character “branches arising from
axils of bracts”. Further, the description of Umkomasia
polycarpa from the Middle Triassic Esk Formation of
Queensland notes the presence of a “narrow subtending
bract” at the base of two of the 10 cupule-bearing
branches, one of which is clearly visible in his illustra-
tion (Holmes 1987, fig. 1).
In assessing the relationship between the Triassic and

Early Cretaceous material a further key feature to con-
sider is the architecture of the branching system on
which the cupule-bearing axes are borne. The most
recent emended diagnosis of Umkomasia states
“Strobilus of lax paniculate form with helically attached
megasporophylls” (Anderson et al. 2019a, p. 45), but
based on the material illustrated by Anderson &
Anderson (2003) it is not clear that any species of
Umkomasia has a true panicle in the sense that the lat-
eral axes themselves have the potential for indeterminate
branching. Six of the 14 species of Umkomasia dia-
grammed by Anderson et al. (2019a, fig. 3) have
cupule-bearing units that consist of only one pair of
cupules bifurcated from a common cupule stalk, and in
all cases the cupule-bearing axis arises in the axil of a
bract (Anderson & Anderson 2003, p. 244) exactly as in
Doylea, and often without the additional pair of brac-
teoles (e.g. U. bracteolata, U. gracilliaxis, U. cupulata,
U. grandis) (Anderson & Anderson 2003, p. 246, figs 5,
6; p. 248, fig. 5, p. 249, figs 1–4) that are also absent in
Doylea. In the other eight species the lateral units have
two or more pairs of cupules, but all appear strictly
determinate with no evidence of additional buds or of
additional growth to produce third order axes. All the
strobili of Umkomasia illustrated by Anderson &
Anderson (2003) are basically racemes with determinate
lateral units each in the axil of a bract. Furthermore,
several of the six species of Umkomasia that have
cupule-bearing units consisting of an axis that bifurcates
and bears only one pair of cupules, as is the case in
Doylea (e.g. Anderson & Anderson 2003, p. 248, figs 1,
p. 249, figs 1, 3), appear to be aggregated in a loose
cone that differs from the cone of Doylea mongolica
and Jarudia zhoui (Fig. 9) only in the slightly wider
spacing of the lateral seed-bearing units.
To go beyond morphology to anatomical comparisons

of the Early Cretaceous and Triassic material, Doylea
tetrahedrasperma and Jarudia zhoui provide information
on the anatomy of the Early Cretaceous material,
whereas anatomical information for the Triassic material
is based entirely on Umkomasia resinosa from the upper
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Middle or Late Triassic of the Fremouw Peak locality,
Antarctica (Klavins et al. 2002). Doylea tetrahedras-
perma is known from a seed cone and nine isolated
cupules and J. zhoui is known from more than 100
specimens. Unfortunately, U. resinosa is based only on
a single permineralized cupulate axis and several iso-
lated cupules, and the material is not well preserved
(Klavins et al. 2002).
Umkomasia resinosa is described and reconstructed

as a short determinate cupule-bearing axis, up to 15mm
long, bearing up to five helically arranged, strongly
recurved cupules (Klavins et al. 2002). There is no evi-
dence of a bract subtending the individual cupules and
the base of the cupule-bearing axis is not preserved. The
main axis has ‘stem-like anatomy’ with a radially sym-
metrical vascular cylinder of three vascular bundles all
of which have the xylem positioned toward the centre
of the cupule-bearing axis (Klavins et al. 2002). Paired
bilaterally symmetrical vascular traces arise from the
vascular tissue in the main axis and supply the seeds
within the cupule.
The cupules of Umkomasia resinosa are formed by

the cupule stalk, which is circular in cross-section, and
either two lateral flaps or a single unlobed flap (Klavins
et al. 2002). The cupules contain one or two unitegmic,
orthotropous ovules. Based on the interpretation that the
cupules were foliar the seeds were interpreted as borne
abaxially because the curvature of the cupule is towards
the phloem side of the vascular bundles in the cupule
stalk, as in Jarudia zhoui and Doylea tetrahedrasperma.
However, as shown in the reconstruction (Klavins et al.
2002, figs 18, 20), the seeds are borne very near the tip
of the cupule stalk, which is curved back toward its
base. The seeds have a bilobed micropyle that projects
beyond the cupule (Klavins et al. 2002).
For comparisons with the anatomically preserved

specimens from the Early Cretaceous the key features of
Umkomasia resinosa are: (1) the apparent absence of
bracts subtending each cupule (the presence or absence
of a bract at the base of the cupule-bearing axis is
unknown); (2) each cupule is on a single stalk rather
than in pairs; (3) each cupule commonly contains two
seeds; and (4) that the cupule-bearing axis has stem-like
anatomy and that the vascular bundles supplying the
cupules are more leaf-like in being collateral (bilateral)
with the curvature of the cupule towards the phloem
side of the vascular bundles (abaxially relative to the
cupule-bearing axis).
In the absence of its attachment to its parent axis it is

hard to be certain how U. resinosa should be compared
to the compression/impression species of Umkomasia,
the ovulate reproductive architecture of which is much
better known (e.g. Anderson & Anderson 2003;

Anderson et al. 2019a). Klymiuk et al. (2022) consider
that individual stalked cupules of U. resinosa are hom-
ologous to the lateral cupule-bearing axis of the more
completely preserved Umkomasia species from the
Molteno flora. However, we agree with the original
interpretation by Klavins et al. (2002) that the specimen
of U. resinosa is more likely a determinate lateral seed-
bearing structure of a compound cone, which is also
consistent with the absence of bracts subtending each
cupule. A corollary is that the whole structure is a stem
that would have been borne in the axil of a bract, which
is also consistent with its stem-like anatomy. One poten-
tial problem with this interpretation, as pointed out by
Anderson et al. (2019a), is that the arrangement of
cupules in U. resinosa is helical, rather than in opposite
pairs (see Anderson et al. 2019a, fig. 3). Nevertheless,
we think that the morphological interpretation of
Klavins et al. (2002) is most likely correct. We also
note a partial precedent in that the cupules of U. decus-
sata are decussate rather than in a single plane
(Anderson & Anderson 2003, p. 247, figs 3, 4;
Anderson et al. 2019a, fig. 3). Under this interpretation
the entire cupule-bearing axis of U. resinosa is homolo-
gous not to the cone of Jarudia zhoui and Doylea tetra-
hedrasperma but to the lateral cupule-bearing axis that
arises in the axil of a bract.
This interpretation finds further support in similarities

of the vascular supply to the cupules in Umkomasia res-
inosa to what occurs in Jarudia zhoui and Doylea tetra-
hedrasperma. Under the interpretation of Klavins et al.
(2002) the portion of the cupule bearing axis on which
U. resinosa is based is distal to its corresponding bract.
Taking that into account the vascular supply to the
cupules in U. resinosa, with two collateral bundles, is
the same as the vascular supply to the cupule-bearing
axis of D. tetrahedrasperma proximal to its bifurcation.
It is even more similar to the vascular structure of unbi-
furcated cupule-bearing stalk in Jarudia, because U. res-
inosa and J. zhoui both have two seeds per cupule;
consistently in Jarudia, commonly in U. resinosa.
Notable in homologizing the entire cupule-bearing axis
of U. resinosa to the bract-cupule-bearing axis complex
of J. zhoui and D. tetrahedrasperma is that the vascula-
ture of the main axis in U. resinosa is stem-like. This is
not surprising since it is morphologically most likely a
stem (Klavins et al. 2002) and is proliferated. The
cupule-bearing axis is much more substantial and bears
more cupules than the small, simple cupule-bearing axes
of J. zhoui and D. tetrahedrasperma.
The vascular supply to the ultimate cupule-bearing

stalks of Umkomasia resinosa, Jarudia zhoui and
Doylea tetrahedrasperma is very similar. It is also simi-
lar to the vascular supply to the ovules in proliferated
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ovule-bearing axes of extant Ginkgo biloba (Shi et al.
2016). Previous suggestions that these ultimate ovule-
bearing stalks are leaf homologues place great weight
on the presence of bilaterally symmetric vascular bun-
dles as evidence for their foliar nature. However, this
feature is not a reliable indicator for foliar structure
(Kaplan 1981; Shi et al. 2016) as is clear from their
presence in the ovuliferous scales of conifers that are
usually interpreted as modified shoots (Florin 1951).
Our investigation of the anatomy of J. zhoui, based on
abundant well-preserved material, also indicates the
complexity of the relationship between vascular anat-
omy and leaf/shoot homologues. The ovule-bearing stalk
of J. zhoui has two bilaterally symmetric vascular bun-
dles but morphologically it is a shoot homologue
because it is borne in the axil of a bract. Also signifi-
cant is that in J. zhoui the arrangement of xylem and
phloem in the vascular bundle varies through the ovule-
bearing stalk. Near the tip of the strongly curved distal
part of the ovule-bearing stalk, each of the two vascular
bundles are shoot-like with circular xylem that consists
of radially aligned tracheids.
In the details of its anatomy Umkomasia resinosa

exhibits minor similarities and differences to Jarudia
zhoui and Doylea tetrahedrasperma. In all three cupules
the cupule wall has distinct inner and outer cortical
zones, and the inner cortical cells are thicker walled and
often with dark contents. Also, as in J. zhoui and D. tet-
rahedrasperma, the two vascular bundles supplying
cupules of U. resinosa are collateral with the xylem
towards the outer surface of the cupule, and each seed
is supplied by one bundle that expands into a disc of
short transfusion tracheids (Klavins et al. 2002). In all
three species the integument of ovule is composed of
mainly parenchymatous tissues and lacks a distinct
sclerenchymatous layer. Umkomasia resinosa differs
from J. zhoui and D. tetrahedrasperma in the vascular-
ization of the two lateral flaps that form part of the
cupule in U. resinosa, which is not the case in the gen-
erally smaller cupules of J. zhoui and D. tetrahedras-
perma. Umkomasia resinosa also has secretory cavities
in the cupule wall and integument, which are not seen
in J. zhoui and D. tetrahedrasperma.
In conclusion, we believe that the facts currently

available support the interpretation that the cupule-bear-
ing axes of Triassic Umkomasia, including of
Umkomasia sensu Anderson et al. (2019a), are funda-
mentally homologous to the cupule-bearing axes of
Early Cretaceous Doylea, Jarudia and Tevshiingovia. In
no case does the structure to which the cupules are
attached resemble a typical leaf, neither do the small
bracts that subtend the cupule-bearing axes, or the pairs
of bracteoles that are often present near the base of

those axes, resemble the pinnules of a pinnately com-
pound leaf as suggested by Townrow (1962).
The ovulate structures of both the Early Cretaceous

and Triassic fossils are basically lax or compact racemes
with lateral cupule-bearing axes that are always borne in
the axil of a bract. We know of no example, in well-
preserved material, where the bract at the base of a
cupule-bearing axis is absent. In Early Cretaceous
Doylea and also in several Triassic species of
Umkomasia the cupule-bearing axis bifurcates with each
branch bearing a cupule, which results in a pair of
cupules at the tip of each cupule-bearing axis. In other
Triassic species of Umkomasia the cupule-bearing axis
is proliferated and may bear up to seven pairs of
cupules aligned in a single plane, but these cupule-bear-
ing axes are strictly determinate, never have orders of
branching beyond the primary axis and its laterals, and
the cupules themselves are never subtended individually
by a bract. Also, while the cupule-bearing axes of many
Umkomasia species show dorsiventrality in the planar
arrangement of the pairs of cupules, in other species the
cupules are three-dimensionally arranged in an opposite
and decussate manner (e.g. U. decussata) and apparently
also helically (U. resinosa).
Based on these similarities we think that the Triassic and

Early Cretaceous plants that produced the fossil cupulate
reproductive structures described in this paper were closely
related, and that their respective cupules are homologous
rather than independent, parallel evolutionary developments
as suggested by Klymiuk et al. (2022). The proliferated
cupule-bearing structures of Triassic corystosperms likely
reflect the form of plants that flourished in favourable grow-
ing conditions, as evidenced by the rich and varied Triassic
plant assemblages, with many large leaves, in which they
occur. In contrast, the much less elaborated reproductive
structures of the Early Cretaceous forms, based on the fossil
assemblage from the Tevshiin Govi lignite mine, Mongolia,
likely reflect the limitations on growth in a depauperate
swamp community, with many small leaves (Leslie et al.
2013; Shi et al. 2014, 2016, 2018, 2019; Herrera et al. 2015,
2016, 2017a, b, c, 2018, 2020, 2021).

Information about the whole-plant morphology of the
Triassic plants is more complete than what we know
about the morphology of the Early Cretaceous plants,
but the reverse is true with respect to the detailed archi-
tecture and anatomy of the cupulate reproductive struc-
tures. Doylea and Jarudia provide more, unequivocal
detailed morphological and anatomical information
about the Early Cretaceous cupulate reproductive struc-
tures than U. resinosa does about the Triassic material.
Nevertheless, irrespective of the complexities created by
different degrees of knowledge, two groups can be rec-
ognized provisionally within this complex of plants
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based mainly on the leaves and other organs with which
they are associated: the Triassic umkomasioids and the
Early Cretaceous doyleoids. Given active research on
the homologies and hierarchical patterns of relationship
among these groups and other angiophytes (Shi et al.
2021a) we think it prudent to treat these groups infor-
mally rather than applying names that imply a particular
hierarchy or taxonomical rank.

Doyleoids as a natural group

Jarudia zhoui from the middle Barremian of eastern
Inner Mongolia, China, closely resembles Doylea mon-
golica, D. corniculata and Tevshiingovia trilobata from
the Aptian–Albian of central Mongolia (Shi et al. 2016,
2019), and D. tetrahedrasperma from the Valanginian
of western Canada (Stockey & Rothwell 2009; Rothwell
& Stockey 2016). All five species have the cupules
borne on lateral seed-bearing units that have apparently
been shed from a central axis, and in J. zhoui, D. mon-
golica and D. tetrahedrasperma the lateral structures are
known to have been helically attached in a lax (J. zhoui

and D. mongolica) (Fig. 9) or compact (D. tetrahedras-
perma) cone. Doylea mongolica has also been linked to
leaves of Pseudotorellia palustris. The prediction is that
the leaves of J. zhoui, D. tetrahedrasperma, D. cornicu-
lata and probably T. trilobata will also be strap-shaped,
parallel-veined and similar to those of Pseudotorellia.
Leaves of this kind are common in the Inner Mongolia
chert (Shi et al. 2021a). We would also expect that D.
corniculata and T. trilobata would be borne in cone-like
structure as in J. zhoui, D. tetrahedrasperma and
D. mongolica.
In all five species the lateral structures consist of an

elongate bract subtending and partially fused with a
cupule-bearing axis. In Doylea tetrahedrasperma, D. cor-
niculata and D. mongolica the lateral seed-bearing units
are bicupulate (Fig. 11B, C): the cupule-bearing axis
bifurcates and each branch bears a cupule at the tip. In
Jarudia zhoui the lateral seed-bearing units are unicupu-
late and although the cupule-bearing axis (cupule stalk) is
not branched the vascular bundle divides to supply the
two seeds (Fig. 11A). In Tevshiingovia trilobata the lat-
eral seed-bearing units are tricupulate (Fig. 11D): the
cupule-bearing axis is flattened, three-lobed and has three

Figure 10. Jarudia zhoui gen. et sp. nov. A, interpretative line drawing of median longitudinal section of seed-bearing unit, showing
the bract (green) subtending and partially fused with the cupule stalk with a free apex, and a seed which consisting of the nucellus
(yellow) with a single integument (brown). B–D, interpretative line drawings of proximal to distal transverse sections of the fused
bract and cupule stalk in A showing organization and orientation of xylem (black) in vascular bundles. E–G, interpretative line
drawings of proximal to distal transverse sections of the cupule stalk in A showing organization and orientation of xylem (black) in
vascular bundles.
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cupules. In all cases each cupule is formed by the
strongly curved cupule stalk with two or three flaps that
may be fused to varying degrees. The cupule contains
and partially encloses one or two seeds.
The vasculature of the seed-bearing axis with its

fused bract and cupule-bearing portion is known only
for Jarudia zhoui and Doylea tetrahedrasperma. The
subtending bract is almost completely fused to the
cupule-bearing axis near the base, and the whole com-
plex is supplied by three vascular bundles, one supply-
ing the bract and two supplying the axis.
A close relationship among the five species is also

supported by other features that Jarudia zhoui shares
with Doylea and Tevshiingovia trilobata. These include
the irregular teeth on the outer surface of the cupules of
J. zhoui and D. corniculata, as well as the short, apical
protrusion on the back of the cupule in some specimens
of Jarudia zhoui and D. mongolica, which is especially
well developed in D. corniculata and D.

tetrahedrasperma. The cupules of J. zhoui also resemble
the central cupule of T. trilobata in being formed by the
cupule stalk, two lateral flaps and a median flap.
All these similarities of both morphology and anat-

omy strongly suggest that Jarudia zhoui, Doylea mon-
golica, D. corniculata, Tevshiingovia trilobata and D.
tetrahedrasperma comprise a closely related group of
plants. So far they are known only in the Early
Cretaceous of the Northern Hemisphere. We treat them
informally as the doyleoids, broadly equivalent to the
order Doyleales (Rothwell & Stockey 2016).

Umkomasioids as a natural group

In their recent reviews Anderson et al. (2019a, b, 2020)
define the three corystosperm genera Umkomasia,
Pteruchus and Dicroidium narrowly and exclude all

Figure 11. Interpretative diagrams of Early Cretaceous corystosperms, the bract (green), the stalked cupules (blue) and the axis on
which they are borne (red brown), and seed consisting of the nucellus (yellow) with a single integument (brown). A, Jarudia zhoui
gen. et sp. nov. Each lateral seed-bearing unit consists of a bract subtending an axis (the cupule stalk) that bears a single cupule at
the tip; each cupule contains two three-angled seeds, and is subtended by a bract. B, Doylea mongolica. Each lateral seed-bearing
unit consists of a bract subtending an axis that bifurcates into two cupule stalks; each cupule stalk bears one cupule that contains a
single three-angled seed. Individual cupules are not subtended by a bract. C, Doylea corniculata and Doylea tetrahedrasperma. Each
lateral seed-bearing unit consists of a bract subtending an axis that bifurcates into two cupule stalks; each cupule stalk bears one
cupule that contains a single three-angled seed. Individual cupules are not subtended by a bract. Note the prominent projection at the
apex of the cupule. D, Tevschingovia trilobata. Each lateral seed-bearing unit consists of a bract subtending a flattened axis that is
divided distally into three flattened cupule stalks; each cupule stalk bears one cupule that contains a single three-angled seed.
Individual cupules are not subtended by a bract.
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records from the Northern Hemisphere. They also
exclude all records from the Jurassic and Permian of
Gondwana. The intent was to restrict Umkomasia, as
well as Pteruchus and Dicroidium, to create a whole-
plant concept approximating a living biological entity.
This is a worthy objective, although we consider the
apparent weighting of geographical and temporal consid-
erations as inappropriate, and the exclusion of Axsmithia
is also at variance with this approach.
The concept that Umkomasia, Pteruchus and

Dicroidium were produced by the same plants was rec-
ognized originally by Thomas (1933) and has been
amply supported subsequently by evidence from many
localities on four continents (Townrow 1965; Playford
et al. 1982; Retallack 1983, 1995; Pole & Raine 1994;
Cantrill et al. 1995; Holmes & Anderson 2005;
Anderson & Anderson 2003; Pattemore 2016a). The
reconstruction is also supported by the similar secretory
cavities that occur in tissues of the permineralized
cupules of Umkomasia resinosa, the pollen organ of
Pteruchus fremouwens (Yao et al. 1995) and leaves of
Dicroidium fremouwensis (Pigg 1990) from the upper
Middle or Late Triassic Fremouw Peak locality in the
Central Transantarctic Mountains, Antarctica. The same
secretory cavities also occur in small stems of
Kykloxylon fremouwensis (Meyer-Berthaud et al. 1993),
although not in probable larger Kykloxylon stems from
the same locality (Decombeix et al. 2010, 2014).
Even though it is rarely possible to correlate individ-

ual species of Umkomasia, Pteruchus and Dicroidium
and assemble them into ‘whole plants’ (Anderson &
Anderson 2003), there is no doubt that taken together
these three genera comprise a useful concept and we
refer to them informally as the umkomasioids. However,
as is normally the case, even for the most well-defined
groups of fossil plants, there is a penumbra of other fos-
sils surrounding the core umkomasioids that may or
may not belong in the group (Crane et al. 2004). For a
deeper understanding of the limits of the umkomasioids,
and their potential relationships to other groups, careful
assessment of the ovulate structures that Anderson et al.
(2019a) excluded from Umkomasia is likely to be espe-
cially critical. It needs to be established whether the
cupulate structures of Axsmithia uniramia (¼Umkomasia
uniramia) from the Late Triassic of Antarctica (Axsmith
et al. 2000), Umkomasia aequatorialis from the late
Permian of the Middle East (Blomenkemper et al. 2018,
2020), Kirchmuellia franconica (¼Umkomasia francon-
ica) from the Jurassic of Germany, Stenorachis asiatica
(¼Umkomasia asiatica) from the Late Triassic of north-
eastern China (Zan et al. 2008), and cf. Arberiopsis sp.
(¼Umkomasia polycarpa plus Umkomasia uniramia)
from the late Permian of India (Chandra et al. 2008) are

fundamentally different from those of core umkoma-
sioids or are more likely homologous. It seems unlikely
that the classic Dicroidium-Umkomasia-Pteruchus
assemblage as defined by Anderson et al. (2019a, b,
2020), which was abundant and widespread in the
Southern Hemisphere during the Middle and Late
Triassic, was the only member of the umkoma-
sioid group.

Angiophytes as a natural group

The recognition and description of Jarudia from the
Early Cretaceous of Inner Mongolia, China, adds to the
significant expansion of knowledge about corystosperms
that has occurred over the past two decades, as a result
of research on material from the Permian and Triassic
(Thomas 1933; Holmes 1987; Kirchner & M€uller 1992;
Axsmith et al. 2000, 2007; Klavins et al. 2002;
Anderson & Anderson 2003; Chandra et al. 2008; Zan
et al. 2008; Blomenkemper et al. 2018, 2020; Anderson
et al. 2019a, b, 2020) as well as from the Early
Cretaceous (Stockey & Rothwell 2009; Rothwell &
Stockey 2016; Shi et al. 2016, 2019, 2021a). Based in
part on these discoveries, including the new information
provided by the well-preserved material of Jarudia, we
have proposed that the reflexed cupules of the doy-
leoids, umkomasioids, Caytonia and Petriellaea, perhaps
also including the ovule-bearing structures of glossopter-
ids, are all fundamentally similar (Shi et al. 2021a).
Also, consistent with previous interpretations, we regard
these cupules as homologous to the outer integument of
angiosperms (Gaussen 1946; Stebbins 1974; Crane
1985; Doyle 1978, 2006, 2008; Frohlich & Parker 2000;
Frohlich 2003; Frohlich & Chase 2007; Shi et al.
2021a). Based on this potential homology, which is also
(weakly) supported as a synapomorphy based on the
totality of available characters, the doyleoids, umkoma-
sioids, Caytonia, Petriellaea, glossopterids and angio-
sperms have been grouped together as the angiophytes
(Shi et al. 2021a).
These comparisons are not pursued further here but

the precise pattern of relationships among the doyleoids,
umkomasioids and other groups of angiophytes will
have a significant bearing on the utility of retaining the
corystosperms as a meaningful evolutionary group. In
particular, while the cupules of doyleoids and umkoma-
sioids are more similar to each other than to the cupules
of other angiophytes, this similarity may not reflect a
close relationship if cupules of that kind are basic for
angiophytes as a whole (Fig. 12). It may be the case
that doyleoids and umkomasioids are not especially
closely related, not because their one or two seeded
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cupules are non-homologous, but because cupules of
that kind may be plesiomorphic in the context of other
angiophytes (Fig. 12). Current phylogenetic analyses
interpose Petriellaea between the doyleoids and umko-
masioids, suggesting that Petriellaea is especially rele-
vant to this question (Shi et al. 2021a). Additional

analyses that include other well-preserved fossil mater-
ial, especially of Petriellaea, are needed to test this pat-
tern of relationships.

Conclusions

Jarudia differs from Doylea in having a non-bifurcated
cupule-bearing axis that bears a single cupule containing
two seeds. However, Jarudia is united with Doylea and
Tevshiingovia by the fundamentally similar architecture
of the cupule, which is formed from the cupule stalk
with enclosing flaps, and the terminal or almost terminal
position of the seed on a branch that arises in the axil
of a bract. It seems very likely that Jarudia, Doylea and
Tevshiingovia are closely related and we refer to them
here as the doyleoids.
The doyleoids are distinguished from the Triassic

plants with ovulate reproductive structures assigned to
Umkomasia, which we refer to as the umkomasioids, by
their associated leaves and minor differences in architec-
ture of the cupulate structures. However, we reject the
interpretation that the ovulate reproductive structures of
the doyleoids and umkomasioids are fundamentally dif-
ferent: the seeds of the former being stem-borne and the
seeds of the latter being leaf borne, as has been argued
by Klymiuk et al. (2022). On the contrary we think that
the cupules of the two groups are homologous because
they share fundamental structural, positional and ana-
tomical similarities that likely reflect similar pollination
and dispersal biology. In both groups the cupules are
formed from the cupule stalk and enclosing flaps and
are borne on branches that arise in the axils of bracts. In
the doyleoids the cupules are borne on axes that are
either unbranched, or only sparsely branched and conse-
quently bear only one, two, or three terminal cupules. In
contrast, in many, but not all, umkomasioids the cupules
are borne on proliferated axes and consequently bear
multiple cupules, usually in pairs and often in a planar
arrangement.
Beyond the similarities of their cupules, differences

between doyleoids and umkomasioids in other features
are to be expected. For example, it has been suggested
that the absence of secretory cavities is a significant dif-
ference between the Early Cretaceous and Triassic
material (Rothwell & Stockey 2016), but the extent to
which secretory cavities are a widespread feature of
Triassic umkomasioids is by no means clear
(Decombeix et al. 2010, 2014). More significant may be
the difference between the platyspermic seeds thought
characteristic of umkomasioids (Anderson et al. 2019a),
and seeds of doyleoids that are three-angled in trans-
verse section. This feature needs more careful study

Figure 12. Relationships within angiophytes, simplified from
cladograms of seed plants from analyses with relationships
among extant taxa constrained to be compatible to a molecular-
backbone tree (Shi et al. 2021a, extended data fig. 9), showing
the relationships of Doyleoids and Umkomasioids. A, result
from a constrained maximum likelihood (ML) analysis, in
which Jarudia and Doylea form the Doyleoids, and Doyleoids
plus Petriellaea and Umkomasia form a clade. B, result from a
constrained maximum parsimony (MP) analyses, in which
Umkomasia plus Petriellaea, Jarudia and Doylea form a clade.
C, result from a constrained Bayesian analysis, in which
Jarudia and Doylea form the Doyleoids, and Doyleoids,
Umkomasia and Petriellaea form a polytomy with other
angiophytes.
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given that Thomas (1933, pp. 227–228, fig. 33) noted
and figured three-angled, isolated seeds associated with
his original material of Umkomasia. Similar isolated
seeds from the late Permian of Jordan, which have been
assigned to Umkomasia sp., have a clear longitudinal
ridge (Blomenkemper et al. 2020, pl. XI, 4, 5, 7), which
suggests these compressed seeds were originally three-
angled. Three-angled seeds also occur in the putative
corystosperms from the Late Triassic of Zimbabwe
(Barale et al. 2009) and in Petriellaea triangulata from
the Triassic of the Fremouw locality in Antarctica
(Taylor et al. 1994).
Whether or not these the apparent differences are con-

firmed, doyleoids and umkomasioids differ most obvi-
ously and most significantly in the other plant fossils
with which they have been linked. The cupules of
umkomasioids are linked with leaves of Dicroidium and
pollen organs of Pteruchus. The cupules of doyleoids
are so far linked only with leaves of Pseuodotorellia
and their corresponding pollen organs are unknown.
Against this background, grouping the doyleoids and

umkomasioids together as two subgroups of the corysto-
sperms, which recognizes the homology of the cupules,
is a logical approach, but with the proviso that the
potential relationships of doyleoids and umkomasioids
to other group of angiophytes, notably the Caytoniaceae,
Petriellaceae (Kannaskoppia), glossopterids and angio-
sperms, require further investigation and analysis.
Also important to this question, but not so far consid-

ered in detail, are extant and fossil conifers. For
example, the bilobed compound cone scales of Early
Cretaceous and Triassic Schizolepidopsis, a putative
stem group member of Pinaceae (Leslie et al. 2013;
Matsunaga et al. 2021), have interesting similarities
with the cupule-bearing structures of Doylea tetrahe-
drasperma and Doylea mongolica. Understanding the
basic condition of the ovulate cone scale in Pinaceae
and other groups of conifers will be important for such
comparisons, especially given that conifers are not
monophyletic based on some analyses of molecular data
(Wickett et al. 2014; Li et al. 2017; Ran et al. 2018).
Petriellaceae is of interest because like the umkoma-

sioids it is present in the Molteno Formation, and
although relatively little is known about the detailed
structure of its cupules they appear to be borne on bifur-
cated proliferated axes (Anderson & Anderson 2003).
Glossopterids are also potentially relevant because there
is ample evidence that their ovulate units were borne in
an axillary position, and among glossopterid reproduct-
ive structures there are several in which the seeds seem
to be borne terminally or near terminally (e.g. Arberia,
Mcloughlin & Prevec 2019), and in some (e.g.
Lidgettonia) there are potential homologues to the

cupule flaps of corystosperms (e.g. Lidgettonia,
Mcloughlin & Prevec 2019).
Also, potentially relevant to the phylogenetic relation-

ships of doyleoids and umkomasioids are Umaltolepis
and Ginkgo. Umaltolepis is especially interesting because
the leaves of Pseudotorellia resinosa, with which the
cupules of Umaltolepis are associated (Herrera et al.
2017b), are very similar to Pseudotorellia palustris, the
leaves linked with Doylea mongolica (Shi et al. 2019).
Ginkgo biloba, along with its diverse extinct relatives, is
potentially relevant because the ovules are borne termin-
ally on an ovule-bearing shoot that is borne in the axil of
a normal leaf. Usually there are only two ovules at the
apex of the ovule-bearing shoot, but sometimes there are
more, and the shoot itself may be three-dimensionally
branched with terminal ovules (Shi et al. 2016). Also
relevant are the ovule-bearing structures of the fossil
ginkgoid Karkenia Archangelsky, which are cone-like
with compact recurved ovules, and also have Ginkgo-
like, but more deeply divided, leaves (Archangelsky
1965; Del Fueyo & Archangelsky 2001; Nosova et al.
2021). Understanding these and other potential connec-
tions among doyleoids, umkomasioids and potentially
related seed plants will ultimately determine the utility of
the corystosperms as a useful group for phylogenetic pur-
poses. Essential to that process will be identifying simi-
larities, rather than differences, and determining whether
they can be supported as secure hypotheses of homology.

Acknowledgements

This paper is dedicated to Professor Zhiyan Zhou on the
occasion of his ninetieth birthday. We thank Bole Zhang,
Chong Dong, Suxin Yin, Shusheng Hu, Hui Jiang, Qijia
Li, Wenfang Zhang and Fengwei Lu for assistance with
fieldwork in Inner Mongolia, China, Zhe-Xi Luo, April
Neander and Craig Brodersen for assistance with micro-
CT scanning, Else Marie Friis, Xin Xu and S. Donskaya
for assistance in processing micro-CT data, and Chao Tan
for the plant reconstruction. We also thank Peta Hayes
and Paul Kenrick for access to the Thomas specimens of
Umkomasia at the Natural History Museum, London, and
also to Marion Bamford, and especially John and Heidi
Anderson, for access to the collections of Umkomasia
from the Upper Triassic Molteno Formation of South
Africa, which are housed at the University of the
Witswatersrand. We are also grateful to the editors and
two anonymous reviewers for their helpful comments.
Figures 1A, 1B, 1F, 2A, 2D, 3B, 4C, 5C, 6C are
reproduced with thanks from Shi et al. (2021a, figures 1a,
3a, 3b, 2a, 2g, 2f, 2b, 2d, 2h respectively); Figures 1C,
3A, 3D, 4E, 5B, 7F, 8A are reproduced with thanks from
Shi et al. (2021a, Extended Data figures 2g, 3a, 3d, 2b,

Rethinking the corystosperm concept 29



2c, 2l, 2i respectively). This work was supported by the
Youth Innovation Promotion Association, Chinese
Academy of Sciences (2017359, Y2021082), the US
National Science Foundation grant DEB-1748286, the
Strategic Priority Research Program of the Chinese
Academy of Sciences (XDB26000000), the National
Natural Science Foundation of China (41790454), the
Field Museum, and the Oak Spring Garden Foundation.

ORCID

Gongle Shi http://orcid.org/0000-0003-3374-6637
Fabiany Herrera http://orcid.org/0000-0002-
2412-672X
Patrick S. Herendeen http://orcid.org/0000-0003-
2657-8671
Elizabeth G. Clark http://orcid.org/0000-0003-
4289-6370
Peter R. Crane http://orcid.org/0000-0003-4331-6948

References

Anderson, H. M., Barbacka, M. K., Bamford, M. K.,
Holmes, W. K. & Anderson, J. M. 2019a. Umkomasia
(megasporophyll): Part 1 of a reassessment of Gondwana
Triassic plant genera and a reclassification of some
previously attributed. Alcheringa, 43, 43–70. doi:10.1080/
03115518.2018.1554748

Anderson, H. M., Barbacka, M. K., Bamford, M. K.,
Holmes, W. K. & Anderson, J. M. 2019b. Pteruchus
(microsporophyll): Part 2 of a reassessment of Gondwana
Triassic plant genera and a reclassification of some
previously attributed. Alcheringa, 43, 511–533. doi:10.
1080/03115518.2019.1617348

Anderson, H. M., Barbacka, M., Bamford, M. K., Holmes,
W. K. & Anderson, J. M. 2020. Dicroidium (foliage) and
affiliated wood: Part 3 of a reassessment of Gondwana
Triassic plant genera and a reclassification of some
previously attributed. Alcheringa, 44, 64–92. doi:10.1080/
03115518.2019.1622779

Anderson, J. M. & Anderson, H. M. 2003. Heyday of the
gymnosperms: systematics and biodiversity of the Late
Triassic Molteno fructifications. Strelitzia, 15, 1–398.

Archangelsky, S. 1965. Fossil Ginkgoales from the Tico
flora, Santa Cruz Province, Argentina. Bulletin of the
British Museum (Natural History) Geology, 10, 119–137.

Archangelsky, S. 1968. Studies on Triassic fossil plants from
Argentina. IV. The leaf genus Dicroidium and its possible
relation to Rhexoxylon stems. Palaeontology, 11,
500–512.

Axsmith, B. J., Taylor, E. L., Taylor, T. N. & Cuneo, N. R.
2000. New perspectives on the Mesozoic seed fern order
Corystospermales based on attached organs from the
Triassic of Antarctica. American Journal of Botany, 87,
757–768.

Axsmith, B. J., Taylor, E. L. & Taylor, T. N. 2007. The
“new approach to Corystospermales” and the Antarctic
fossil record: a critique. Ameghiniana, 44, 223–230.

Barale, G., Guignard, G. & Bamford, M. K. 2009. Structure
of corystospermaceous ovules from the Upper Triassic of
Zimbabwe. Botany, 87, 854–863.

Bateman, R. M. 2020. Hunting the Snark: the flawed search
for mythical Jurassic angiosperms. Journal of
Experimental Botany, 71, 22–35.

Bickner, M. 2021. Enigmatic gymnospermous seeds from the
Early Cretaceous of Mongolia and Inner Mongolia,
China, expand the diversity of seed plants. Unpublished
Masters thesis, Northwestern University, 87 pp.

Blomenkemper, P., Kerp, H., Abu Hamad, A., DiMichele,
W. A. & Bomfleur, B. 2018. A hidden cradle of plant
evolution in Permian tropical lowlands. Science, 362,
1414–1416.

Blomenkemper, P., Kerp, H., Abu Hamad, A. & Bomfleur,
B. 2020. Contributions towards whole-plant
reconstructions of Dicroidium plants (Umkomasiaceae)
from the Permian of Jordan. Review of Palaeobotany and
Palynology, 278, 104210.

Bomfleur, B. & Kerp, H. 2010. Dicroidium diversity in the
Upper Triassic of north Victoria Land, East Antarctica.
Review of Palaeobotany and Palynology, 160, 67–101.

Bomfleur, B., Decombeix, A. L., Schwendemann, A. B.,
Escapa, I. H., Taylor, E. L., Taylor, T. N. &
McLoughlin, S. 2014. Habit and ecology of the
Petriellales, an unusual group of seed plants from the
Triassic of Gondwana. International Journal of Plant
Sciences, 175, 1062–1075.

Bowe, L. M., Coat, G. & dePamphilis, C. W. 2000.
Phylogeny of seed plants based on all three genomic
compartments: extant gymnosperms are monophyletic and
Gnetales’ closest relatives are conifers. Proceedings of the
National Academy of Sciences of the United States of
America, 97, 4092–4097.

Cantrill, D. J., Drinnan, A. N. & Webb, J. A. 1995. Late
Triassic plant fossils from the Prince Charles Mountains,
East Antarctica. Antarctic Science, 7, 51–62.

Chandra, S., Singh, K. J. & Jha, N. 2008. First report of the
fertile plant genus Umkomasia from late Permian beds in
India and its biostratigraphic significance. Palaeontology,
51, 817–826.

Chaw, S.-M., Parkinson, C. L., Cheng, Y., Vincent, T. M.
& Palmer, J. D. 2000. Seed plant phylogeny inferred
from all three plant genomes: monophyly of extant
gymnosperms and origin of Gnetales from conifers.
Proceedings of the National Academy of Sciences of the
United States of America, 97, 4086–4091.

Cohen, K. M., Finney, S. C., Gibbard, P. L. & Fan, J.-X.
2013. The ICS International Chronostratigraphic Chart
(version 2022/02). Episodes, 36, 199–204.

Coiro, M., Chomicki, G. & Doyle, J. A. 2018. After a dozen
years of progress the origin of angiosperms is still a great
mystery. Paleobiology, 44, 490–510.

Crane, P. R. 1985. Phylogenetic analysis of seed plants and
the origin of angiosperms. Annals of the Missouri
Botanical Garden, 72, 716–793.

Crane, P. R., Herendeen, P. S. & Friis, E. M. 2004. Fossils
and plant phylogeny. American Journal of Botany, 91,
1683–1699.

Decombeix, A.-L., Taylor, E. L. & Taylor, T. N. 2010.
Anatomy and affinities of permineralized gymnospermous

30 G. Shi et al.

https://doi.org/10.1080/03115518.2018.1554748
https://doi.org/10.1080/03115518.2018.1554748
https://doi.org/10.1080/03115518.2019.1617348
https://doi.org/10.1080/03115518.2019.1617348
https://doi.org/10.1080/03115518.2019.1622779
https://doi.org/10.1080/03115518.2019.1622779


trunks with preserved bark from the Middle Triassic of
Antarctica. Review of Palaeobotany and Palynology, 163,
26–34.

Decombeix, A.-L., Bomfleur, B., Taylor, E. L. & Taylor,
T. N. 2014. New insights into the anatomy, development,
and affinities of corystosperm trees from the Triassic of
Antarctica. Review of Palaeobotany and Palynology, 203,
22–34.

Del Fueyo, G. M. & Archangelsky, S. 2001. New studies on
Karkenia incurva ARCHANG. from the Early Cretaceous
of Argentina. Evolution of the seed cone in Ginkgoales.
Palaeontographica, Abteilung B, 256, 111–121.

Deng, S. 1995. Early Cretaceous flora of Huolinhe Basin,
Inner Mongolia, Northeast China. Geological Publishing
House, Beijing, 125 pp.

Doyle, J. A. 1978. Origin of angiosperms. Annual Review of
Ecology and Systematics, 9, 365–392.

Doyle, J. A. 2006. Seed ferns and the origin of angiosperms.
Journal of the Torrey Botanical Society, 133, 169–209.

Doyle, J. A. 2008. Integrating molecular phylogenetic and
paleobotanical evidence on origin of the flower.
International Journal of Plant Sciences, 169, 816–843.

Doyle, J. A. 2012. Molecular and fossil evidence on the origin
of angiosperms. Annual Review of Earth and Planetary
Sciences, 40, 301–326.

Doyle, J. A. & Donoghue, M. J. 1986. Seed plant phylogeny
and the origin of angiosperms: an experimental cladistic
approach. The Botanical Review, 52, 321–431.

Endress, P. K. 2011. Angiosperm ovules: diversity,
development, evolution. Annals of Botany, 107,
1465–1489.

Florin, R. 1951. Evolution in cordaites and conifers. Acta
Horti Bergiani, 15, 285–388.

Friis, E. M., Crane, P. R., Pedersen, K. R., Bengtson, S.,
Donoghue, P. C., Grimm, G. W. & Stampanoni, M.
2007. Phase-contrast X-ray microtomography links
Cretaceous seeds with Gnetales and Bennettitales. Nature,
450, 549–552.

Frohlich, M. W. 2003. An evolutionary scenario for the
origin of flowers. Nature Reviews Genetics, 4, 559–566.

Frohlich, M. W. & Parker, D. S. 2000. The mostly male
theory of flower evolutionary origins: from genes to
fossils. Systematic Botany, 25, 155–170.

Frohlich, M. W. & Chase, M. W. 2007. After a dozen years
of progress the origin of angiosperms is still a great
mystery. Nature, 450, 1184–1189.

Galtier, J. & Phillips, T. L. 1999. The acetate peel technique.
Pp. 67–70 in T. P. Jones & N. P. Rowe (eds) Fossil
plants and spores: modern techniques. The Geological
Society, London.

Gaussen, H. 1946. Les Gymnospermes, actuelles et fossiles.
Travaux du Laboratoire Forestier de Toulouse, Tome II,
1, 1–130.

Harris, T. M. 1933. A new member of the Caytoniales. New
Phytologist, 32, 97–113.

Harris, T. M. 1940. Caytonia. Annals of Botany, 4, 713–734.
Harris, T. M. 1964. The Yorkshire Jurassic flora, II.

Caytoniales, Cycadales & Pteridosperms. British Museum
(Natural History), London, 191 pp.

Herendeen, P. S., Friis, E. M., Pedersen, K. R. & Crane,
P. R. 2017. Palaeobotanical redux: revisiting the age of
the angiosperms. Nature Plants, 3, 17015. https://doi.org/
10.1038/nplants.2017.15

Herrera, F., Shi, G., Leslie, A. B., Knopf, P., Ichinnorov,
N., Takahashi, M., Crane, P. R. & Herendeen, P. S.
2015. A new Voltzian seed cone from the Early
Cretaceous of Mongolia and its implications for the
evolution of ancient conifers. International Journal of
Plant Sciences, 176, 791–809.

Herrera, F., Leslie, A. B., Shi, G., Knopf, P., Ichinnorov,
N., Takahashi, M., Crane, P. R. & Herendeen, P. S.
2016. New fossil Pinaceae from the Early Cretaceous of
Mongolia. Botany, 94, 885–915.

Herrera, F., Moran, R. C., Shi, G., Ichinnorov, N.,
Takahashi, M., Crane, P. R. & Herendeen, P. S. 2017a.
An exquisitely preserved filmy fern (Hymenophyllaceae)
from the Early Cretaceous of Mongolia. American Journal
of Botany, 104, 1370–1381.

Herrera, F., Shi, G., Ichinnorov, N., Takahashi, M.,
Bugdaeva, E. V., Herendeen, P. S. & Crane, P. R.
2017b. The presumed ginkgophyte Umaltolepis has seed-
bearing structures resembling those of Peltaspermales and
Umkomasiales. Proceedings of the National Academy of
Sciences of the United States of America, 114,
E2385–E2391. https://doi.org/10.1073/pnas.162140911

Herrera, F., Shi, G., Knopf, P., Leslie, A. B., Ichinnorov,
N., Takahashi, M., Crane, P. R. & Herendeen, P. S.
2017c. Cupressaceae conifers from the Early Cretaceous
of Mongolia. International Journal of Plant Sciences, 178,
19–41.

Herrera, F., Shi, G., Tsolmon, G., Ichinnorov, N.,
Takahashi, M., Crane, P. R. & Herendeen, P. S. 2018.
Exceptionally well-preserved Early Cretaceous leaves of
Nilssoniopteris from central Mongolia. Acta
Palaeobotanica, 58, 135–157.

Herrera, F., Shi, G., Mays, C., Ichinnorov, N., Takahashi,
M., Bevitt, J. J., Herendeen, P. S. & Crane, P. R. 2020.
Reconstructing Krassilovia mongolica supports recognition
of a new and unusual group of Mesozoic conifers. PLoS
ONE, 15, e0226779. 10.1371/journal.pone.0226779

Herrera, F., Shi, G., Bickner, M. A., Ichinnorov, N., Leslie,
A. B., Crane, P. R. & Herendeen, P. S. 2021. Early
Cretaceous (abietoid) Pinaceae from Mongolia and the
evolution of seed scale shedding. American Journal of
Botany, 108, 1483–1499.

Herrera, F., Testo, W. L., Field, A. R., Clark, E. G.,
Herendeen, P. S., Crane, P. R. & Shi, G. 2022. A
permineralized Early Cretaceous lycopsid from China and
the evolution of crown clubmosses. New Phytologist, 233,
2310–2322.

Hill, C. R. & Crane, P. R. 1982. Evolutionary cladistics and
the origin of angiosperms. Pp. 269–361 in K. A. Joysey &
A. E. Friday (eds) Problems of phylogenetic
reconstruction. Academic Press, New York.

Hilton, J. & Bateman, R. M. 2006. Pteridosperms are the
backbone of seed-plant phylogeny. Journal of the Torrey
Botanical Society, 133, 119–168.

Holmes, W. B. K. 1987. New corystosperm ovulate
fructifications from the Middle Triassic of eastern
Australia. Alcheringa, 11, 165–173.

Holmes, W. B. K. & Ash, S. R. 1979. An Early Triassic
megafossil flora from the Lorne Basin, New South Wales.
Proceedings of the Linnean Society of New South Wales,
103, 47–70.

Holmes, W. B. K. & Anderson, H. M. 2005. The Middle
Triassic megafossil flora of the Basin Creek Formation,
Nymboida Coal Measures, New South Wales, Australia.

Rethinking the corystosperm concept 31

https://doi.org/10.1038/nplants.2017.15
https://doi.org/10.1038/nplants.2017.15
https://doi.org/10.1073/pnas.162140911
https://doi.org/10.1371/journal.pone.0226779


Part 4. Umkomasiaceae. Dicroidium and affiliated
fructifications. Proceedings of the Linnean Society of New
South Wales, 126, 1–37.

Joy, K. W., Willis, A. J. & Lacey, W. S. 1956. A rapid
cellulose peel technique in palaeobotany. Annals of
Botany, 20, 635–637.

Kaplan, D. R. 2001. The science of plant morphology:
definition, history, and role in modern biology. American
Journal of Botany, 88, 1711–1741.

Kelber, K. P. & van Konijnenburg-Van Cittert, J. H. A.
1997. A new Rhaetian flora from the neighbourhood of
Coburg (Germany)—preliminary results. Mededlingen
Nederlands Instituut voor Toegepaste Geowetenschappen
TNO, 58, 105–113.

Kirchner, M. & M€uller, A. 1992. Umkomasia franconica
n. sp. und Pteruchus septentrionalis n. sp., Fruktifikationen
von Thinnfeldia Ettingshausen. Palaeontographica B, 224,
63–73.

Klavins, S. D., Taylor, T. N. & Taylor, E. L. 2002.
Anatomy of Umkomasia (Corystospermales) from the
Triassic of Antarctica. American Journal of Botany, 89,
664–676.

Klymiuk, A. A, Rothwell, G. W. & Stockey, R. A. 2022. A
novel cupulate seed plant, Xadzigacalix quatsinoensis gen.
et sp. nov., provides new insight into the Mesozoic
radiation of gymnosperms. American Journal of Botany,
109, 966–985.

Leslie, A. B., Glasspool, I., Herendeen, P. S., Ichinnorov,
N., Knopf, P., Takahashi, M. & Crane, P. R. 2013.
Pinaceae-like reproductive morphology in Schizolepidopsis
canicularis sp. nov. from the Early Cretaceous (Aptian-
Albian) of Mongolia. American Journal of Botany, 100,
2426–2436.

Li, S., Huang, J., Yang, S., Zhang, X., Cheng, S., Zhao, G.,
Li, D., Li, G. & Ding, J. 1982. Depositional and
structural history of the late Mesozoic Huolinhe Basin and
its characteristics of coal accumulation. Acta Geologica
Sinica, 3, 244–254. [In Chinese with English abstract.]

Li, Z., De La Torre, A. R., Sterck, L., Canovas, F. M.,
Avila, C., Merino, I., Cabezas, J. A., Cervera, M. T.,
Ingvarsson, P. K. & Van de Peer, Y. 2017. Single-copy
genes as molecular markers for phylogenomic studies in
seed plants. Genome Biology and Evolution, 9,
1130–1147.

Liu, Y., Wang, S., Li, L., Yang, T., Dong, S., Wei, T., Wu,
S., Liu, Y., Gong, Y., Feng, X., Ma, J., Chang, G.,
Huang, J., Yang, Y., Wang, H., Liu, M., Xu, Y., Liang,
H., Yu, J., Cai, Y., Zhang, Z., Fan, Y., Mu, W., Sahu,
S. K., Liu, S., Lang, X., Yang, L., Li, N., Habib, S.,
Yang, Y., Lindstrom, A. J., Liang, P., Goffinet, B.,
Zaman, S., Wegrzyn, J. L., Li, D., Liu, J., Cui, J.,
Sonnenschein, E. C., Wang, X., Ruan, J., Xue, J.-Y.,
Shao, Z.-Q., Song, C., Fan, G., Li, Z., Zhang, L., Liu,
J., Liu, Z.-J., Jiao, Y., Wang, X.-Q., Wu, H., Wang, E.,
Lisby, M., Yang, H., Wang, J., Liu, X., Xu, X., Li, N.,
Soltis, P. S., Van de Peer, Y., Soltis, D. E., Gong, X.,
Liu, H. & Zhang, S. 2022. The Cycas genome and the
early evolution of seed plants. Nature Plants, 8, 389–401.

Matsunaga, K. K. S., Herendeen, P. S., Herrera, F.,
Ichinnorov, N., Crane, P. R. & Shi, G. 2021. Ovulate
cones of Schizolepidopsis ediae sp. nov. provide insights
into the evolution of Pinaceae. International Journal of
Plant Sciences, 182, 490–507.

McLoughlin, S. & Prevec, R. 2019. The architecture of
Permian glossopterid ovuliferous reproductive organs.
Alcheringa, 43, 480–510.

Meyer-Berthaud, B., Taylor, E. L. & Taylor, T. N. 1993.
Petrified stems bearing Dicroidium leaves from the
Triassic of Antarctica. Palaeontology, 36, 337–356.

Nickrent, D. L., Parkinson, C. L., Palmer, J. D. & Duff,
R. J. 2000. Multigene phylogeny of land plants with
special reference to bryophytes and the earliest land
plants. Molecular Biology and Evolution, 17, 1885–1895.

Nixon, K. C., Crepet, W. L., Stevenson, D. & Friis, E. M.
1994. A reevaluation of seed plant phylogeny. Annals of
the Missouri Botanical Garden, 81, 484–533.

Nosova, N., Crane, P. R. & Shi, G. 2021. Ovule-bearing
structures of Karkenia Archangelsky, associated dispersed
seeds and Sphenobaiera leaves from the Middle Jurassic
of East Siberia, Russia. Review of Palaeobotany and
Palynology, 295, 104522. https://doi.org/10.1016/j.
revpalbo.2021.104522

Pattemore, G. A. 2016a. The structure of umkomasiacean
fructifications from the Triassic of Queensland. Acta
Palaeobotanica, 56, 17–40.

Pattemore, G. A. 2016b. Megaflora of the Australian
Triassic–Jurassic: a taxonomic revision. Acta
Palaeobotanica, 56, 121–182.

Pigg, K. B. 1990. Anatomically preserved Dicroidium foliage
from the central Transantarctic Mountains. Review of
Palaeobotany and Palynology, 66, 129–145.

Playford, G., Rigby, J. F. & Archibald, D. C. 1982. A
Middle Triassic flora from the Moolayember Formation,
Bowen Basin, Australia. Geological Survey of Queensland
Publication, 380, 1–52.

Pole, M. S. & Raine, J. I. 1994. Triassic plant fossils from
Pollock Road, Southland, New Zealand. Alcheringa, 18,
147–159.

Ran, J.-H., Shen, T.-T., Wang, M.-M. & Wang, X.-Q. 2018.
Phylogenomics resolves the deep phylogeny of seed plants
and indicates partial convergent or homoplastic evolution
between Gnetales and angiosperms. Proceedings of the
Royal Society B, 285, 20181012. https://doi.org/10.1098/
rspb.2018.1012

Retallack, G. J. 1983. Middle Triassic megafossil marine
algae and land plants from near Benmore Dam, southern
Canterbury, New Zealand. Journal of the Royal Society of
New Zealand, 13, 129–154.

Retallack, G. J. 1995. An early Triassic fossil flora from
Culvida Soak, Canning Basin, Western Australia. Journal
of the Royal Society of Western Australia, 78, 57–66.

Rothwell, G. W. & Serbet, R. 1994. Lignophyte phylogeny
and the evolution of spermatophytes: a numerical cladistic
analysis. Systematic Botany, 19, 443–482.

Rothwell, G. W. & Stockey, R. A. 2016. Phylogenetic
diversification of Early Cretaceous seed plants: The
compound seed cone of Doylea tetrahedrasperma.
American Journal of Botany, 103, 923–937.

Rothwell, G. W., Klymiuk, A. & Stockey, R. A. 2021.
Mesozoic “cupulate” gymnosperms: how to distinguish
Doyleales from Umkomasiales. Botanical Society of
America. Accessed at: https://2021.botanyconference.org/
engine/search/index.php?func=detail&aid=297

Rydin, C., K€allersj€o, M. & Friis, E. M. 2002. Seed plant
relationships and the systematic position of Gnetales based
on nuclear and chloroplast DNA: conflicting data, rooting

32 G. Shi et al.

https://doi.org/10.1016/j.revpalbo.2021.104522
https://doi.org/10.1016/j.revpalbo.2021.104522
https://doi.org/10.1098/rspb.2018.1012
https://doi.org/10.1098/rspb.2018.1012
https://2021.botanyconference.org/engine/search/index.php?func=detail&aid=297
https://2021.botanyconference.org/engine/search/index.php?func=detail&aid=297


problems, and the monophyly of conifers. International
Journal of Plant Sciences, 163, 197–214.

Shi, G., Leslie, A. B., Herendeen, P. S., Ichinnorov, N.,
Takahashi, M., Knopf, P. & Crane, P. R. 2014. Whole-
plant reconstruction and phylogenetic relationships of
Elatides zhoui sp. nov. (Cupressaceae) from the Early
Cretaceous of Mongolia. International Journal of Plant
Sciences, 175, 911–930.

Shi, G., Leslie, A. B., Herendeen, P. S., Herrera, F.,
Ichinnorov, N., Takahashi, M., Knopf, P. & Crane,
P. R. 2016. Early Cretaceous Umkomasia from Mongolia:
implications for homology of corystosperm cupules. New
Phytologist, 210, 1418–1429.

Shi, G., Herrera, F., Herendeen, P. S., Leslie, A. B.,
Ichinnorov, N., Takahashi, M. & Crane, P. R. 2018.
Leaves of Podozamites and Pseudotorellia from the Early
Cretaceous of Mongolia: stomatal patterns and
implications for relationships. Journal of Systematic
Palaeontology, 16, 111–137.

Shi, G., Crane, P. R., Herendeen, P. S., Ichinnorov, N.,
Takahashi, M. & Herrera, F. 2019. Diversity and
homologies of corystosperm seed-bearing structures from
the Early Cretaceous of Mongolia. Journal of Systematic
Palaeontology, 17, 997–1029.

Shi, G., Herrera, F., Herendeen, P. S., Elizabeth, G. C. &
Crane, P. R. 2021a. Mesozoic cupules and the origin of
the angiosperm second integument. Nature, 594, 223–226.

Shi, G., Li, J., Tan, T., Dong, C., Li, Q., Wu, Q., Zhang,
B., Yin, S., Herrera, F., Herendeen, P. S. & Crane,
P. R. 2021b. Age of the Huolinhe Formation in the
Huolinhe Basin, eastern Inner Mongolia, China: Evidence
from U-Pb zircon dating and palynological assemblages.
Journal of Stratigraphy, 45, 69–81.

Soltis, D. E. 2021. Seed for thought. Nature, 594, 185–186.
Stebbins, G. L. 1974. Flowering plants: evolution above the

species level. Harvard University Press, Cambridge, MA,
399 pp.

Stockey, R. A. & Rothwell, G. W. 2009. Distinguishing
angiophytes from the earliest angiosperms: a Lower
Cretaceous (Valanginian-Hauterivian) fruit-like
reproductive structure. American Journal of Botany, 96,
323–335.

Taylor, E. L., Taylor, T. N., Kerp, H. & Hermsen, E. J.
2006. Mesozoic seed ferns: old paradigms, new
discoveries. American Journal of Botany, 133, 62–82.

Taylor, E. L. & Taylor, T. N. 2009. Seed ferns from the Late
Paleozoic and Mesozoic: any angiosperm ancestors lurking
there? American Journal of Botany, 96, 237–251.

Taylor, T. N., Del Fueyo, G. M. & Taylor, E. L. 1994.
Permineralized seed fern cupules from the Triassic of
Antarctica: implications for cupule and carpel evolution.
American Journal of Botany, 81, 666–677.

Thomas, H. H. 1925. The Caytoniales, a new group of
angiospermous plants from the Jurassic rocks of
Yorkshire. Philosophical Transactions of the Royal Society
of London. Series B, Biological Sciences, 213, 299–363.

Thomas, H. H. 1933. On some pteridospermous plants from
the Mesozoic rocks of South Africa. Philosophical
Transactions of the Royal Society of London. Series B,
Biological Sciences, 222, 193–265.

Townrow, J. A. 1962. On Pteruchus, a microsporophyll of
the Corystospermaeae. Bulletin of the British Museum of
Natural History (Geology), 6, 287–320.

Townrow, J. A. 1965. A new member of the
Corystospermaceae Thomas. Annals of Botany, 29,
495–510.

Wickett, N. J., Mirarab, S., Nguyen, N., Warnow, T.,
Carpenter, E., Matasci, N., Ayyampalayam, S., Barker,
M. S., Burleigh, J. G., Gitzendanner, M. A., Ruhfel,
B. R., Wafula, E., Der, J. P., Graham, S. W., Mathews,
S., Melkonian, M., Soltis, D. E., Soltis, P. S., Miles, N. W.,
Rothfels, C. J., Pokorny, L., Shaw, A. J., DeGironimo,
L., Stevenson, D. W., Surek, B., Villarreal, J. C.,
Roure, B., Philippe, H., dePamphilis, C. W., Chen, T.,
Deyholos, M. K., Baucom, R. S., Kutchan, T. M.,
Augustin, M. M., Wang, J., Zhang, Y., Tian, Z., Yan,
Z., Wu, X., Sun, X., Wong, G. K. S. & Leebens-Mack,
J. 2014. Phylotranscriptomic analysis of the origin and
early diversification of land plants. Proceedings of the
National Academy of Sciences of the United States of
America, 111, E4859–E4868.

Yao, X., Taylor, T. N. & Taylor, E. L. 1995. The
corystosperm pollen organ Pteruchus from the Triassic of
Antarctica. American Journal of Botany, 82, 535–546.

Zan, S. Q., Axsmith, B. J., Fraser, N. C., Liu, F. & Xing,
D. 2008. New evidence for Laurasian corystosperms:
Umkomasia from the Upper Triassic of Northern China.
Review of Palaeobotany and Palynology, 149, 202–207.

Associate Editor: Paul Kenrick

Rethinking the corystosperm concept 33


	Abstract
	Introduction
	Material and methods
	Systematic palaeontology
	Outline placeholder
	Type species
	Generic diagnosis
	Derivation of generic name
	Specific diagnosis
	Derivation of species name
	Material
	Type locality
	Stratigraphy and age
	Description and comments on the species
	Comparisons and nomenclature
	Type species
	Material
	Species diagnosis
	Remarks
	Type locality
	Stratigraphy and age
	Type species
	Generic diagnosis
	Derivation of generic name
	Material
	Type locality
	Stratigraphy and age
	Derivation of the species name
	Species diagnosis
	Remarks


	Homology of Triassic and Early Cretaceous corystosperm cupules 
	Doyleoids as a natural group
	Umkomasioids as a natural group
	Angiophytes as a natural group
	Conclusions
	Acknowledgements
	Orcid
	References
	mkchapTJSP__sec


