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developed (Text-fig. 10d), but commonly with one of the 
locules abortive (Text-fig. 10c, g, h). Unlike the other extant 
and fossil genera of Mastixiaceae, each germination valve 
of Langtonia has two dorsal infolds resulting in a  locule 
that has the shape of a ε in cross section (Text-fig. 10c–h). 
Contrary to the situation in Mastixia and Eomastixia, where 
ovular bundles follow the germination valve boundaries, the 
vascular bundles of Langtonia are scattered, situated mainly 
in the septal area in the endocarp on the ventral side of each 
locule. The germination valves lack prominent vascular 
bundles. The locule is lined by a uniseriate layer of relatively 
large rectangular cells (Text-fig. 10i).

Kirchheimer (1957) questioned the affinity of Langtonia 
to Mastixiaceae because of the double infolds which are 
not seen in any other mastixioids. However, the woody 
endocarps with elongate germination valves, and pendulous 
anatropous seeds with ventral raphe (Reid and Chandler 
1933: pl. 25, fig. 21, Manchester 1994: pl. 11, fig. 5) 
support Reid and Chandler’s assignment. The endocarps 
have elongate germination valves that extend the full 
length of the locule as in extant Mastixiaceae, contrasting 
with the apically confined valves of Nyssaceae (Amersinia 
Manchester, P.R.Crane et Golovn., Camptotheca Decne., 
and Nyssa L.; fig. 12 in Manchester and Hickey 2007).
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Text-fig. 10. Langtonia bisulcata REID  et CHANDLEr . a, b, e–g: Holotype, V. 22984, from micro-CT data. a: Dorsiventral view surface 
rendering. b: Dorsiventral view translucent volume rendering showing outline of locule cast. c: Equatorial transverse fracture 
showing paired dorsal infolds and locules with shape of a �0 in cross section, reflected light, V. 22993. d: Digital transverse section 
from micro-CT data, of fruit with two well developed �0-shaped locules, V. 22985. e–g: Successive digital transverse sections with 
one well developed �0-shaped locule and infolds of the abortive locule visible in (g) (arrows). h–j: Physical transverse thin sections 
of specimen from middle Eocene Clarno Formation, Oregon, USA with well-preserved mesocarp including longitudinal canals in 
(j) (arrows), USNM 424875; Scale bars 0.5 cm in (a, b), 2.5 mm in (c–g), 5 mm in (h), 2 mm in (i), 1 mm in (j); (a, b) share same scale 
bar; (c, d) share same scale bar; (e, f, g) share same scale bar.
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In western North America the same genus and species 
is known from permineralized fruits in the Eocene Clarno 
Formation (Manchester 1994) and by the distinctive 
endocarp molds and locule casts from Paleocene Fort Union 
Formation (Tiffney and Haggard 1996). Although well 
represented in the London Clay, Langtonia has not been 
observed in the carpofloras of continental Europe. Most 
specimens are preserved with only the endocarp remaining, 
but one of the Clarno specimens with intact soft tissue (Text-
fig. 10h–j) shows the presence of longitudinal canals (Text-
fig. 10j) similar to those seen in extant Mastixia (Manchester 
and Collinson 2019: pl. 1, fig. 11).

Conclusions

The diversity of Mastixiaceae in the London Clay 
flora was even greater than previously recognized. Both 
extant genera, Mastixia (2 spp.) and Diplopanax, are now 
recognized, plus six extinct genera: Exbeckettia, Lanfrancia, 
Langtonia, Mastixiopsis, Portnallia, and Tectocarya for 
a  total of eight genera and nine species. This diversity, 
together with that of Alangiaceae (Reid and Chandler 1933, 
Feng et al. 2009), Cornaceae (Reid and Chandler 1933, 
Manchester et al. 2010), Nyssaceae (Reid and Chandler 
1933, Zhou et al. 2020), and Curtisiaceae (Manchester et 
al. 2007), indicates that the Cornales were prominent in the 
early Eocene London Clay flora. Judging from the growth 
habits of modern relatives, these plants were probably trees, 
and coexisted in the London Clay community along with 
other arborescent taxa including Juglandaceae, Lauraceae 
and Magnoliaceae. The other most diverse families in the 
London Clay carpoflora, including Menispermaceae (16 
genera, 18 species; Collinson and Cleal 2001), Icacinaceae 
(7 genera, 21 species; Stull et al. 2016), and Vitaceae (5 
genera, 25 spp.; Collinson and Cleal 2001) probably were 
mostly lianas.

A  few million years prior to deposition of the London 
Clay flora, the Paleocene floras of western North America 
were home to a  diversity of cornalean taxa, including 
Cornus, Davidia Baill., Amersinia, Browniea Manchester 
et L.J.Hickey, Langtonia and Mastixia as known from the 
Paleocene Fort Union Formation (Tiffney and Haggard 
1996, Manchester et al. 1999, Manchester 2002, Manchester 
and Hickey 2007, Manchester 2014) and Denver Formation 
(Huegele and Manchester 2020). By middle Eocene time, the 
Clarno flora in western North America included Alangium, 
Cornus, Nyssa, Mastixia, Langtonia and Mastixicarpum 
(Manchester 1994), while in Europe, the Messel flora of 
Germany included Alangium, Nyssa, and at least four 
mastixioids (Collinson et al. 2012). The recognition of 
“Asian” genera in the late Cretaceous and Paleogene of 
Europe and North America underscores the necessity to 
include fossil data in evaluating the biogeographic history 
of the cornalean clade (Atkinson 2018, Atkinson et al. 2017, 
2019, Fu et al. 2019).

The Mastixiaceae were especially diverse and abundant 
in Paleogene of Europe and North America, although they 
today are restricted to the Indomalesian region (sensu 
Takhtajan 1969). Despite their richness in the Paleogene 
of North America, there are no known post-Eocene 

occurrences of mastixioids in North America. By contrast, 
in Europe, the abundance and diversity of mastixioids was 
maintained or even increased into the Neogene. Although 
we are not aware of post-Eocene records of Langtonia, 
another extinct genus, Retinomastixia, was well represented 
in later European floras along with Mastixia, Eomastixia, 
and Diplopanax (Kirchheimer 1938b, Gregor 1978, Mai 
1993). As yet, mastixioid fruits have not been recovered 
from Asian Tertiary floras. The question remains, when did 
Diplopanax and Mastixia arrive to the regions where they  
occur today?

Acknowledgements

We dedicate this article to the memory of our wonderful 
friend and colleague, Zlatko Kvaček for his shared wisdom 
and encouragement through our careers.

We thank Chris Hill, Paul Kenrick and Peta Hayes for 
facilitating studies of specimens at the Natural History 
Museum, London, and for loan of specimens. Peta Hayes 
is also thanked for providing curatorial assistance. Staff 
of the Imaging and Analysis Centre at the Museum are 
thanked for access to the micro-CT and Brett Clark, Dan 
Sykes and Amin Garbout for their assistance with CT. 
We thank Tim Utteridge, Marie Biggs, Elizabeth Howard 
and Elizabeth Woodgyer for herbarium assistance and 
organisation of loans at The Royal Botanic Gardens, 
Kew which informed our understanding of modern taxa 
relevant to this study. Min Deng and Qiuyun Xiang aided 
in comparative studies with extant fruits. The late Dieter 
H. Mai kindly provided advice and access to specimens 
from the German Cenozoic at the Museum für Naturkunde 
Berlin for comparison. Volker Wilde and Karin Schmidt 
provided access to specimens at the Senckenberg Museum, 
Frankfurt. Terry A. Lott provided invaluable help with text 
formatting and proofreading. Edoardo Martinetto and Bruce 
Tiffney reviewed the initial manuscript and provided helpful 
critique. We thank Jiří Kvaček for his help in provision of 
PFN registration numbers and in final editing of the text. This 
work was supported in part by NSF grants EAR 0174295  
and 1338285.

References

APG IV. (2016): An update of the Angiosperm Phylogeny 
Group classification for the orders and families of flow-
ering plants: APG IV. – Botanical Journal of the Linnean 
Society, 181: 1–20.

	 https://doi.org/10.1111/boj.12385
Atkinson, B. A. (2018): The critical role of fossils in infer-

ring deep-node phylogenetic relationships and macro- 
evolutionary patterns in Cornales. – American Journal of 
Botany, 105(8): 1401–1411.

	 https://doi.org/10.1002/ajb2.1084
Atkinson, A., Stockey, R. A., Rothwell, G. W. (2017): The 

early phylogenetic diversification of Cornales: Permin-
eralized cornalean fruits from the Campanian (Upper 
Cretaceous) of western North America. – International 
Journal of Plant Sciences, 178(7): 556–566.

	 https://doi.org/10.1086/692766



326

Atkinson, B. A., Martínez, C., Crepet, W. L. (2019): Cre-
taceous asterid evolution: fruits of Eydeia jerseyensis 
sp. nov. (Cornales) from the upper Turonian of eastern 
North America. – Annals of Botany, 123(3): 451–460.

	 https://doi.org/10.1093/aob/mcy170
Averyanov, L. V., Nguyen, T. H. (2002): Diplopanax vietna-

mensis, a new species of Nyssaceae from Vietnam—one 
more living representative of the Tertiary flora of Eura-
sia. – Novon, 12: 433–436.

	 https://doi.org/10.2307/3393114
Bowerbank, J. S. (1840): A history of the fossil fruits and 

seeds of the London Clay. – John Van Voorst, London, 
144 pp. 

Chandler, M. E. J. (1926): The Upper Eocene flora of Hor-
dle, Hants Part II. – Monographs of the Palaeontograph-
ical Society, London, 78(363): i–vii, 33–52, pls V–VIII.

	 https://doi.org/10.1080/02693445.1926.12035598
Chandler, M. E. J. (1961): The Lower Tertiary floras of 

southern England. 1. Palaeocene Floras. London Clay 
Flora (Supplement). Text and Atlas. – British Museum 
(Natural History), London, 354 pp., 34 pls.

	 https://doi.org/10.5962/bhl.title.110079
Chandler, M. E. J. (1962): The lower Tertiary floras of south-

ern England. II. Flora of the Pipe-clay series of Dorset 
(Lower Bagshot). – British Museum (Natural History), 
London, 176 pp., 29 pls.

	 https://doi.org/10.5962/bhl.title.110079
Chandler, M. E. J. (1964): The lower Tertiary floras of 

southern England. IV. A summary and survey of findings 
in the light of recent botanical observations. – British 
Museum (Natural History), London, 151 pp., 4 pls.

Chandler, M. E. J. (1978): Supplement to the Lower Tertiary 
floras of southern England, Part 5. – Tertiary Research 
Special Paper, 4: 1–47.

Collinson, M. E. (1983): Fossil plants of the London Clay 
(The Palaeontological Association Field Guides to Fos-
sils No. 1). –  The Palaeontological Association, London, 
121 pp.

Collinson, M. E., Adams, N. F., Manchester, S. R., Stull, G. 
W., Hererra, F., Smith, S. Y., Andrew, M. J., Kenrick, 
P., Sykes, D. (2016): X-ray micro-computed tomog-
raphy (micro-CT) of pyrite-permineralised fruits and 
seeds from the London Clay Formation (Ypresian) con-
served in silicone oil: a critical evaluation. – Botany, 94:  
697–711.

	 https://doi.org/10.1139/cjb-2016-0078
Collinson, M. E., Cleal, C. J. (2001): Early and early mid-

dle Eocene (Ypresian–Lutetian) palaeobotany of Great 
Britain. – In: Cleal, C. J., Thomas, B. A., Batten, D. J., 
Collinson, M. E. (eds), Mesozoic and Tertiary palaeobot-
any of Great Britain (Geological Conservation Review 
Series No. 22).  Joint Nature Conservation Committee, 
Peterborough, pp. 187–226.

Collinson, M. E., Manchester, S. R., Wilde, V. (2012): Fossil 
fruits and seeds of the Middle Eocene Messel biota, Ger-
many. – Abhandlungen der Senckenberg Gesellschaft für 
Naturforschung, 570: 1–250.

Collinson, M. E., Ribbins, M. M. (1977): Pyritised fern ra-
chides in the London Clay. – Tertiary Research, 1(4): 
109–113.

Czaja, A. (2003): Paläokarpologische Untersuchungen von 
Taphozönosen des Unter- und Mittelmiozäns aus dem 
Braunkohlentagebau Berzdorf/Oberlausitz (Sachsen). – 
Palaeontographica, Abt. B, 256: 1–148.

Eyde, R. H. (1997): Fossil record and ecology of Nyssa 
(Cornaceae). – Botanical Review, 63: 97–123.

	 https://doi.org/10.1007/BF02935928
Eyde, R. H., Xiang, Q.-Y. (J.). (1990): Fossil mastixioid 

(Cornaceae) alive in eastern Asia. – American Journal of 
Botany, 77: 689–692.

	 https://doi.org/10.1002/j.1537-2197.1990.tb14455.x
Feng, C.-M., Manchester, S. R., Xiang, Q.-Y. (J.). (2009): 

Phylogeny and biogeography of Alangiaceae (Cornales) 
inferred from DNA sequences, morphology, and fos-
sils.  – Molecular Phylogenetics and Evolution, 51(2): 
201–214.

	 https://doi.org/10.1016/j.ympev.2009.01.017
Fu, C. N., Mo, Z. Q., Yang, J. B., Ge, X. J., Li, D. Z., Xiang, 

Q.-Y. (J.), Gao, L. M. (2019): Plastid phylogenomics and 
biogeographic analysis support a  trans-Tethyan origin 
and rapid early radiation of Cornales in the Mid-Creta-
ceous. – Molecular Phyogenetics and Evolution, 140: 
106601 (16 pp.).

	 https://doi.org/10.1016/j.ympev.2019.106601
Gregor, H. J. (1978): Revision der Arten von Retinomas-

tixia Kirchheimer aus dem europäischen Tertiär.  – 
Mitteilungen der Bayerische Staatssammlung für 
Paläontologie und Historische Geologie München, 18:  
143–152.

Hably, L., Erdei, B. (2013): A refugium of Mastixia in the 
late Miocene of eastern Central Europe. – Review of Pal-
aeobotany and Palynology, 197: 218–225.

	 https://doi.org/10.1016/j.revpalbo.2013.06.003
Handel-Mazzetti, H. F. (1933): Plantae novae Chingianae, 

III. – Sinensia, 3: 185–198.
Holý, F. (1975): Representatives of the family Mastixiaceae 

Calestani 1905 in the Bohemian Tertiary. – Acta Musei 
Nationalis Pragae, Series B – Historia Naturalis, 31(3-5): 
123–147.

Huegele, I. B., Manchester, S. R., (2019): Newly recognized 
diversity of fruits and seeds from the Late Paleogene flo-
ra of Trinity County, East Texas, USA. – International 
Journal of Plant Sciences, 180(7): 681–708.

	 https://doi.org/10.1086/704358
Huegele, I. B., Manchester, S. R. (2020): An early Pal- 

eocene carpoflora from the Denver Basin of Colorado, 
USA, and its implications for plant-animal interactions 
and fruit size evolution. – International Journal of Plant 
Sciences, 181(6): 646–665.

	 https://doi.org/10.1086/707727
Kenrick, P.  (1999): Opaque petrifaction techniques. – In: 

Jones, T. P., Rowe, N. P. (eds), Fossil plants and spores: 
modern techniques. Geological Society, London,  
pp. 87–91.

Kirchheimer, F. (1934): Neue Ergebnisse und Probleme 
paläobotanischer Brunkohlensforschung. – Braunkohle, 
33: 769–774, 788–793.

Kirchheimer, F. (1935): Weitere Mitteilungen über Früchte 
und Samen aus deutschen Braunkohlen II. – Braunkohle, 
34: 289–294.



327

Kirchheimer, F. (1936): Zur Kenntnis der Früchte rezenter 
und fossiler Mastixoioideen. – Beihefte zum Botani- 
schen Centralblatt, Abt. B, 55: 275–300.

Kirchheimer, F. (1938a): Umbelliflorae: Cornaceae (Fossili-
um Catalogus, II: Plantae. Pars 23). – Dr. W. Junk Verlag 
für Naturwissenschaften, Gravenhage, 188 pp.

Kirchheimer, F. (1938b): Beiträge zur näheren Kenntnis der 
Mastixioideen-Flora des deutschen Mittel-  bis Ober-
oligozäns. – Beihefte zum Botanischen Centralblatt, 
Abt. B, 58: 303–375.

Kirchheimer, F. (1941): Bemerkenswerte Funde der Mastix-
ioideen-Flora. – Braunkohle, 40: 610–617.

Kirchheimer, F. (1957): Die Laubgewächse der Braun-
kohlenzeit. – W. Knapp, Halle (Saale), 783 pp.

Knobloch, E., Mai, D. H. (1986): Monographie der Früchte 
und Samen in der Kreide von Mitteleuropa. – Rozpravy 
Ústředního ústavu geologického, 47: 5–219.

Mai, D. H. (1970): Subtropische Elemente im europaischen 
Tertiär I. – Paläontologische Abhandlungen Abt. B, 3(3-
4): 441–503.

Mai, D. H. (1987): Neue Arten nach Früchten und Samen 
aus dem Tertiär von Nordwestsachsen und der Lausitz. – 
Feddes Repertorium, 98: 105–126.

	 https://doi.org/10.1002/fedr.4910980106
Mai, D. H. (1993): On the extinct Mastixiaceae (Cornales) 

in Europe. – Geophytology, 23: 53–63.
Mai, D. H., Walther, H. (1978): Die Floren der Haselbacher 

Serie im Weisselster-Becken (Bezirk Leipzig, DDR). – 
Abhandlungen der Staatliches Museums für Mineralogie 
and Geologie, 28: 1–200.

Manchester, S. R. (1994): Fruits and seeds of the Middle Eo-
cene Nut Beds flora, Clarno Formation, Oregon. – Palae-
ontographica Americana, 58: 1–205.

Manchester, S. R., (2002): Leaves and fruits of Davidia 
(Cornales) from the Paleocene of North America. – Sys-
tematic Botany, 27(2): 368–382.

Manchester, S. R. (2014): Revisions to Roland Brown’s 
North American Paleocene flora. – Acta Musei Natio- 
nalis Pragae, Series B – Historia Naturalis, 70(3-4): 
153–210.

	 https://doi.org/10.14446/AMNP.2014.153
Manchester, S. R, Chen, Z.-D., Lu, A.-M., Uemura, K. 

(2009): Eastern Asian endemic seed plant genera and 
their paleogeographic history throughout the Northern 
Hemisphere. – Journal of Systematic Evolution, 47(1): 
1–42.

	 https://doi.org/10.1111/j.1759-6831.2009.00001.x
Manchester, S. R., Collinson, M. E. (2019): Fruit morphol-

ogy, anatomy and relationships of the type species of 
Mastixicarpum and Eomastixia (Cornales) from the late 
Eocene of Hordle, southern England. – Acta Palaeobo-
tanica, 59: 51–67.

	 https://doi.org/10.2478/acpa-2019-0006
Manchester, S. R., Crane, P. R., Golovneva, L. B. (1999): 

An extinct genus with affinities to extant Davidia and 
Camptotheca (Cornales) from the Paleocene of North 
America and eastern Asia. – International Journal of 
Plant Sciences, 160(1): 188–207.

	 https://doi.org/10.1086/314114
Manchester, S. R., Grimsson, F., Zetter, R. (2015): Assess-

ing the fossil record of Asterids in the context of our cur-

rent phylogenetic framework. – Annals of the Missouri 
Botanical Garden, 100: 329–363.

	 https://doi.org/10.3417/2014033
Manchester, S. R., Hickey, L. J. (2007). Reproductive and 

vegetative organs of Browniea gen. n. (Nyssaceae) from 
the Paleocene of North America. – International Journal 
of Plant Sciences, 168(2): 229–249.

	 https://doi.org/10.1086/509661
Manchester, S. R., McIntosh, W. C. (2007): Late Eocene 

silicified fruits and seeds from the John Day Formation 
near Post, Oregon. – PaleoBios, 27(1): 7–17.

Manchester, S. R., Xiang, Q.-Y. (J.), Xiang, Q.-P. (2007): 
Curtisia (Cornales) from the Eocene of Europe and its 
phytogeographical significance. – Botanical Journal of 
the Linnean Society, 155: 127–134.

	 https://doi.org/10.1111/j.1095-8339.2007.00680.x
Manchester, S. R., Xiang, X.-P., Xiang, Q.-Y. (J.). (2010): 

Fruits of Cornelian Cherries (Cornaceae: Cornus subg. 
Cornus) in the Paleocene and Eocene of the Northern 
Hemisphere. – International Journal of Plant Sciences, 
171(8): 882–891.

	 https://doi.org/10.1086/655771
Martinetto, E. (2011): The first mastixioid fossil from Italy 

and its palaeobiogeographic implications. – Review of 
Palaeobotany and Palynology, 167: 222–229.

	 https://doi.org/10.1016/j.revpalbo.2011.08.004
Müller, C. (1898): Symbolae ad Bryologiam Australiae II. – 

Hedwigia, 37: 77–112.
Reid, E. M., Chandler, M. E. J. (1933): The London Clay 

flora. – the British Museum (Natural History), London, 
561 pp., pls I–XXXIII.

	 https://doi.org/10.5962/bhl.title.110147
Ribbins, M. M., Collinson, M. E. (1978): Further notes on 

pyritised fern rachides from the London Clay. – Tertiary 
Research, 2(1): 47–50.

Scott, R. A. (1954): Fossil fruits and seeds from the Eocene 
Clarno Formation of Oregon. – Palaeontographica, Abt. 
B, 96: 66–97.

Ševčík, J., Kvaček, Z., Mai, D. H. (2007): A new mastixioid 
florula from tektite-bearing deposits in South Bohemia, 
Czeck Republic (middle Miocene, Vrábče Member). – 
Bulletin of Geosciences, 82(4): 429–436.

	 https://doi.org/10.3140/bull.geosci.2007.04.429
Stockey, R. A., LePage, B. A., Pigg, K. B. (1998): Perminer-

alized fruits of Diplopanax (Cornaceae, Mastixioideae) 
from the middle Eocene Princeton chert of British Co-
lumbia. – Review of Palaeobotany and Palynology, 103: 
223–234.

	 https://doi.org/10.1016/S0034-6667(98)00038-4
Stull, G. W., Adams, N. F., Manchester, S. R., Sykes, D., 

Collinson, M. E. (2016): Revision of Icacinaceae from 
the Early Eocene London Clay flora based on X-ray mi-
cro-CT. – Botany, 94(9): 713–745.

	 https://doi.org/10.1139/cjb-2016-0063 
Takhtajan, A. (1969): Flowering plants origin and disper-

sal. – Smithsonian Institution Press, Washington, 310 pp.
Tiffney, B. H., Haggard, K. K. (1996): Fruits of Mastixi-

oideae (Cornaceae) from the Paleogene of western North 
America. – Review of Palaeobotany and Palynology, 92: 
29–54.

	 https://doi.org/10.1016/0034-6667(96)00104-2



328

Thomas, S. K., Liu, X., Du, X.-L., Dong, Y., Cummings, 
A., Pokorny, L., Xiang, Q.-Y. (J.), Leebens-Mack, J. H. 
(2021): Comprehending Cornales: phylogenetic recon-
struction of the order using the Angiosperms353 probe 
set. – American Journal of Botany 108(7): 1112–1121.

	 https://doi.org/10.1002/ajb2.1696
Xiang, Q.-Y. (J.), Thomas, D. T., Xiang, Q. P. (2011): Re-

solving and dating the phylogeny of Cornales–effects of 
taxon sampling, data partitions, and fossil calibrations. – 
Molecular Phylogenetics and Evolution, 59(1): 123–138.

	 https://doi.org/10.1016/j.ympev.2011.01.016
Zeng [Tseng], C.-J. (1983): The systematic position of Di-

plopanax Hand.-Mazz. – Acta Phytotaxonomica Sinica, 
21: 151–152.

Zenker, J. C. (1832): Beiträge zur Naturgeschichte der 
Urwelt: Organische Reste (Petrefacten) aus der Alten-
burger Braunkohlen-Formation, dem Blankenburger 
Quadersandtein, jenaischen bunten Sandstein und böh-
mischen Übergangsgebirge. – Friedrich Mauke, Jena,  
67 pp.

Zhou, W., Xiang, Q.-Y (J.), Wen, J. (2020): Phylogenomics, 
biogeography, and evolution of morphology and ecolog-
ical niche of the eastern Asian-eastern North American 
Nyssa (Nyssaceae). – Journal of Systematic Evolution, 
58: 571–603.

	 https://doi.org/10.1111/jse.12599


