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            Abstract
The second integument of the angiosperm ovule is unique among seed plants, with developmental genetics that are distinct from those of the inner integument1. Understanding how the second integument should be compared to structures in other seed plants is therefore crucial to resolving the long-standing question of the origin of angiosperms2,3,4,5,6. Attention has focused on several extinct plants with recurved cupules that are reminiscent of the anatropous organization of the basic bitegmic ovules of angiosperms1,2,3,4,5,6, but interpretations have been hampered by inadequate information on the relevant fossils. Here we describe abundant exceptionally well-preserved recurved cupules from a newly discovered silicified peat dating to the Early Cretaceous epoch (around 125.6Â million years ago) in Inner Mongolia, China. The new material, combined with re-examination of potentially related fossils, indicates that the recurved cupules of several groups of Mesozoic plants are all fundamentally comparable, and that their structure is consistent with the recurved form and development of the second integument in the bitegmic anatropous ovules of angiosperms. Recognition of these angiosperm relatives (angiophytes) provides a partial answer to the question of angiosperm origins, will help to focus future work on seed plant phylogenetics and has important implications for ideas on the origin of the angiosperm carpel.
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                    Fig. 1: Recurved cupules of extinct seed plants; an angiosperm carpel; and the phylogenetic relationships of seed plants.


Fig. 2: Fossil cupules from the Early Cretaceous of Inner Mongolia, China.


Fig. 3: Three-dimensional reconstructions from segmented micro-computed tomography data, and scanning electron micrographs of cupules.
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                Data availability

              
              The data matrix for phylogenetic analyses is provided in Supplementary DataÂ 1. Computed tomography data have been deposited in Dryad at https://doi.org/10.5061/dryad.5x69p8d2r.

            

Code availability

              
              The MrBayes commands for Bayesian analysis are included in the NEXUS formatted file in Supplementary DataÂ 2.
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Extended data figures and tables

Extended Data Fig. 1 Fossil locality.
a, Map showing the location of the Zhahanaoer open-cast coal mine (indicated by a cupule) in Jarud Banner, eastern Inner Mongolia, China, and the Tevshiin Govi locality (left) in central Mongolia, where similar lignified cupules have been found12. b, Stratigraphic section of the â€˜lower coal-bearing memberâ€™ of the Huolinhe Formation at the margin of the Zhahanaoer coal mine showing the position of the silicified plant fossils (indicated by a cupule) and dated ash layer26. c, Part of the outcrop showing the chert embedded in mudstones.


Extended Data Fig. 2 Fossil cupules and associated pollen from the Early Cretaceous of Inner Mongolia, China.
The small stems (j, m) and multiveined leaves (k) that occur with the cupules in the chert were probably produced by the same group of plants, but they remain to be linked conclusively. a, Individual seed-bearing unit that is attached to the axis of the cone in Fig. 1a. PB23663. b, Oblique transverse section of cupule showing the attachment of one seed (right) to the pad of parenchyma tissue, and the vascular bundle (VB) with concentrically arranged xylem. PB23673. c, Longitudinal section of cupule. PB23674. d, Line drawing of a showing the stalked cupule (blue) and bract (green). e, Line drawing of b showing the cupule (blue), seeds (yellow) with a single integument (brown), pad of parenchyma tissue (grey) where one seed is attached, and concentrically arranged xylem (orange). f, Line drawing of c. Note that the micropyle of seed (yellow) is oriented towards the base of the cupule (blue) stalk. g, h, Three-dimensional reconstructions from segmented micro-CT data. g, Individual seed-bearing unit that is attached to the axis of the cone in Fig. 3a, showing the bract (green), stalked cupule (blue) and seed (brown). PB23672. h, Three-angled seed that is attached to the cupule in g. i, Longitudinal section of a seed, showing the bifid micropyle (arrows), the nucellus (n), detached inner cuticle of integument (ic) and megaspore membrane (m). PB23675. j, Small stem with about 10 asymmetrical growth rings and well-developed pith (arrow). PB23676. k, Transverse section of a leaf showing nine longitudinal veins. PB23677. l, Bisaccate pollen grain adhering to the tip of nucellus within the integument. PB23678. m, Detail of secondary xylem of the small stem in j, showing uniseriate ray (arrow). Scale bars, 1Â mm (aâ€“c, g); 500Â Î¼m (hâ€“j); 200Â Î¼m (k); 50Â Î¼m (m); 10Â Î¼m (l).


Extended Data Fig. 3 Details of vasculature at different levels in fossil cupules from the Early Cretaceous of Inner Mongolia, China.
The interpretative line drawings show the cupule (blue), xylem (orange) and poorly preserved phloem (dark blue). All sections are oriented in the same way as the vascular bundle in Fig. 2, with the upper side of each bundle towards the inner side of the cupule, and the lower side of each bundle towards the outer side of the cupule. a, Transverse section of the fused bract-cupule stalk complex (left) with line drawing (right), showing two median vascular bundles; the upper (adaxial) supplies the cupule and the lower (abaxial) supplies the bract. Note that in the two bundles the xylem (orange) is towards the centre of the complex relative to the spaces that indicate the former position of the phloem. PB23667. b, Detail of the upper vascular bundle in a. c, Transverse section of cupule stalk slightly distal to a (left) with line drawing (right), showing two abutting vascular bundles with the xylem (orange) towards the outer side of the cupule relative to the space that indicates the former position of the phloem. PB23667. d, Detail of the two abutting vascular bundles in c. e, Transverse section of cupule stalk near the base of the cupule (left) with line drawing (right), showing two vascular bundles with flattened xylem. PB23669. f, Detail of the left vascular bundle in e showing xylem (orange) and poorly preserved phloem (dark blue). g, Transverse section of cupule stalk near the apex of the cupule (left) with line drawing (right), showing two vascular bundles with inverted V-shaped xylem. PB23670. h, Detail of the right vascular bundle in g. i, Transverse section of cupule stalk near the tip of its strongly curved distal portion (left) with line drawing (right). PB23671. j, Detail of the left vascular bundle in i showing the circular outline of the xylem (orange) and poorly preserved phloem (dark blue). Scale bars, 100Â Î¼m (a, j); 50Â Î¼m (b, d, f, h); 200Â Î¼m (c, e), 500Â Î¼m (g, i).


Extended Data Fig. 4 Fossil cupules from the Early Cretaceous Tevshiin Govi Formation at the Tevshiin Govi locality in central Mongolia.
Light micrographs with line drawings showing the bract (green), stalked cupules (blue) and the axis on which they are borne (brown). aâ€“f, Doylea mongolica (Umkomasia mongolica)12. a, Seed cone with lateral seed-bearing units loosely and helically arranged. PP56614. b, Line drawing of a. c, e, Upper (adaxial) (c) and lower (abaxial) (e) views of a lateral seed-bearing unit. PP55648. d, Line drawing of c. f, Line drawing of e. gâ€“j, Umkomasia corniculata12. Upper (adaxial) (g) and lower (abaxial) (i) views of a lateral seed-bearing unit. PP56628. h, Line drawing of g. j, Line drawing of i. kâ€“n, Umkomasia trilobata12. Upper (adaxial) (k) and lower (abaxial) (m) views of a lateral seed-bearing unit with a dorsiventrally flattened axis that bears the cupules. PP56684. l, Line drawing of k. n, Line drawing of m.


Extended Data Fig. 5 Mesozoic seed plants with recurved cupules.
a, Umkomasia quadripartita from the Late Triassic of South Africa; line drawing of the holotype. b, Kannaskoppia vincularis from the Late Triassic of South Africa; line drawing of the holotype. c, Reconstruction of Umkomasia quadripartita. d, Reconstruction of Kannaskoppia vincularis. The reconstructions in aâ€“d are all based on a previous work13. e, Reconstruction of Umkomasia resinosa from the upper Middle or Upper Triassic of Antarctica14. f, Reconstruction of Umkomasia uniramia from the Late Triassic of Antarctica15. g, Reconstruction of a shoot bearing cupules of Ktalenia circularis and leaf of Ruflorinia sierra from the Early Cretaceous of Argentina18. h, Details of cupules of Ktalenia circularis that may contain one or two seeds18.


Extended Data Fig. 6 Fossil cupules and cupule stalks of Caytonia sp.
aâ€“i, Caytonia sp. from the Middle Jurassic of Yorkshire, UK. a, b, Flattened cupule-bearing structures showing subopposite cupule stalks or attachment scars in two ranks that lack evidence of a bract subtending each cupule. a, PP60606. b, PP60607. câ€“e, Small, possibly aborted, cupules at pollination stage showing the distinct lips. c, PP60608. d, PP60609. e, Note the parallel grooves leading to the micropylar canals on the lip of the cupule. PP60610. f, Flattened seed removed from a cupule. PP60611.Â g, Fractured mature cupule showing seeds with the micropyles of the two on the left oriented towards the base of the cupule. PP60612. h, i, Caytonia nathorsti8. h, Flattened cupule-bearing structure showing lateral cupules recurved towards the presumed upper (adaxial) surface. V.26661 (Natural History Museum, London). i, Portion of h showing the ridges on the presumed lower (abaxial) surface. jâ€“l, Caytonia sp. from the Middleâ€“Late Jurassic of Daohugou locality, eastern Inner Mongolia, China. j, k, Part and counterpart of a cupule containing eleven seeds arranged in two rows. See Fig. 3g for a three-dimensional reconstruction from segmented micro-CT data. B0441. l, Cupule showing the parallel grooves leading to the micropylar canals (arrow). B0440 (IVPP). Scale bars, 500Â Î¼m (a, câ€“g); 1Â mm (b, hâ€“l).


Extended Data Fig. 7 Permineralized cupules from the Triassic of Antarctica.
All specimens are deposited in the palaeobotanical collections of the University of Kansas. The interpretative line drawings show cupule (blue) and seed (yellow) with a single integument (brown). aâ€“k, Petriellaea triangulata. a, Longitudinal section of empty seed-bearing structures. Note possible bract (arrow) fused to the cupule stalk. 10852A. b, Line drawing of a showing possible bract (stippled green). c, Transverse section of a cupule containing five seeds. Note the possible bract (arrow). 10025G. d, Line drawing of c showing the possible bract (stippled green). e, Transverse section of a cupule. 10023A. f, Line drawing of e. gâ€“j, Detail of the vascular bundles of the cupule stalk, oriented in the same way as the vascular bundle in Fig. 2, Extended Data Fig. 3, with the upper side of each bundle towards the inner side of the cupule, and the lower side of each bundle towards the outer side of the cupule. 10025G. h, Line drawing of the vascular bundle in g showing the xylem (orange) that appears arranged in a circle in transverse section. j, Line drawing of the vascular bundle in i showing the xylem (orange). Note that in g, i there are no obvious sieve elements or space that may represent the former position of the phloem towards the outer side of the cupule (lower side of the image) relative to the xylem as originally interpreted16. k, Three-dimensional reconstruction from segmented micro-CT data showing three-angled seed in lateral and apical views. 10025G. lâ€“o, Umkomasia resinosa. Transverse sections of cupules from the type material with interpretive line drawings. 11323. l, Cupule formed by the cupule stalk and two lateral flaps and containing two seeds. m, Line drawing of l. n, Cupule formed by the cupule stalk and flap and containing a single seed. o, Line drawing of n. Scale bars, 1Â mm (a, l, n); 500Â Î¼m (c, e, k); 50 Î¼m (gâ€“j).


Extended Data Fig. 8 Interpretive diagrams of seed-bearing structures of Mesozoic plants with recurved cupules, with longitudinal sections of Geminispermum virginiense and an idealized angiosperm carpel.
The interpretative diagrams show the bract (green), the stalked cupules (blue) and the axis on which they are borne (redâ€“brown), and seed consisting of the nucellus (yellow) with a single integument (brown). a, Fossil cupules from the Early Cretaceous of Inner Mongolia, China. The cupules are borne helically on a central axis, each cupule contains two seeds, and is subtended by a bract. b, Doylea11,12. 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 seed. Individual cupules are not subtended by a bract. c, Umkomasia trilobata12. 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 seed. Individual cupules are not subtended by a bract. d, Umkomasia resinosa14. Cupules are borne helically on a branched elaborated axis and each cupule contains one or two seeds. The presence of a bract is not confirmed but the whole structure may have been borne in the axil of a bract or leaf. Individual cupules are not subtended by a bract. e, Umkomasia quadripartita13. The cupules are borne more or less decussately on an axis with two pairs of bracts near the base; each cupule contains a single seed. Individual cupules are not subtended by a bract. f, Caytonia7,8. The cupules are subopposite in two ranks on an elaborated flattened axis; each cupule contains up to 30 seeds arranged in two or more rows. There are no bracts subtending individual cupules and the presence of a bract subtending the whole structure is not confirmed. g, Petriellaea triangulata16 and Kannaskoppia vincularis13. The cupules are probably borne helically (P. triangulata) or in two ranks (K. vincularis) on an axis; each cupule contains several seeds arranged in one row. Interpretation in which individual cupules are not subtended by bract. h, Alternative interpretation of the seed-bearing structure of P. triangulata, in which each cupule is subtended by a bract as the Inner Mongolia cupules in a. i, Umkomasia uniramia15. Stalked cupules are borne in a whorl of four to eight at the tip of an axis bearing a pair of bracts, each cupule contains a single seed. j, k, Geminispermum virginiense19. j, A pair of recurved cupules face each other at the tip of an axis. k, Each cupule contains a single seed and is subtended by a bract. l, Angiosperm carpel with a bitegmic ovule curved in the same direction of the curvature of the enclosing carpel (syntropous)22, showing the carpel (green), funiculus and second integument (blue), and inner integument (brown) and nucellus (yellow).


Extended Data Fig. 9 Phylogenetic relationships of seed plants based on parsimony, maximum likelihood and Bayesian analyses of a dataset for living and fossil seed plants.
See Supplementary DataÂ 1 for the dataset. All trees are rooted with Elkinsia. As with all previous analyses of seed plant relationships5,9,10,30 support for most nodes is not strong. a, Strict consensus of 10 most parsimonious trees (221 steps. Consistency index (CI) =Â 0.5385; retention index (RI)Â =Â 0.7198) from an unconstrained parsimony analysis. Numbers at nodes above the lines are bootstrap values greater than 50%. bâ€“d, Phylogenetic analyses with relationships among extant taxa constrained to be compatible to a molecular-backbone tree in which extant Gnetales and Pinaceae are sister taxa (GNE-PINE tree) (Supplementary Information). b, Strict consensus of the 45 most-parsimonious trees (236 steps, CIÂ =Â 0.5042, RIÂ =Â 0.6786) from a constrained parsimony analysis. Numbers at nodes above the lines are bootstrap values greater than 50%. c, Maximum likelihood tree inferred from a constrained analysis. Numbers at nodes above the lines are bootstrap values. d, The 50% majority-rule consensus from a constrained Bayesian analysis (Supplementary DataÂ 2) with posterior probabilities indicated by numbers at the nodes. BEG is the abbreviation for the Bennettitalesâ€“Erdtmanithecalesâ€“Gnetales group30. SeeÂ Supplementary Information for details of characters, taxa, additional information, analyses and discussion.


Extended Data Fig. 10 Phylogenetic relationships of seed plants based on constrained parsimony.
Analyses are of the same dataset as the analyses in Extended Data Fig. 9, except for character 60: ovule-enclosing structures. The relationships among extant taxa are constrained to be compatible to a GNE-PINE molecular-backbone tree (Supplementary Information). Both trees are rooted with Elkinsia. Numbers at nodes above the lines are values of majority-rule consensus. a, The 50% majority-rule consensus of the 105 most-parsimonious trees (236 steps, CIÂ =Â 0.5042, RIÂ =Â 0.6759) from an analysis of the dataset in which the cupules of Triassic corystosperms, Doylea and the Inner Mongolia cupules are scored as ? for character 60. b, The 50% majority-rule consensus of the 345 most-parsimonious trees (238 steps, CIÂ =Â 0.5042, RIÂ =Â 0.6749) from an analysis of the dataset in which the cupules of Triassic corystosperms, Doylea and the Inner Mongolia cupules are scored as 7 (a new state) for character 60. Note that in both analyses the Bennettitalesâ€“Erdtmanithecalesâ€“Gnetales (BEG) group30 (orange shading) is maintained, and Caytonia and glossopterids are resolved as the closest relatives of angiosperms, but the relationships of other angiophytesâ€”Triassic corystosperms, Petriellales and Doylea, and the cupules from Inner Mongolia described hereâ€”are not well resolved in a but are resolved as a clade in b. SeeÂ Supplementary Information for details of characters, taxa, additional information, analyses and discussion.
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Supplementary Data 1
Morphological matrix for phylogenetic analyses.


Supplementary Data 2
Morphological matrix with the MrBayes commands for constrained Bayesian analysis.
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Video 1
Reconstructed slice data for specimen PB23667 showing longitudinal sections of a cupule containing two seeds.


Video 2
Three-dimensional reconstruction of a seed cone from segmented Micro-CT data for specimen PB23672.
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