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PREMISE OF THE STUDY: Cretaceous Cornales provide a crucial record of the early history
of asterids. Meslineagesof theorderare well represented in the fossil recdrdt SouthAfrican
families‘efCurtisiacea@and Grubbiaceae remain poorly underst@elientythree specimens of
afossil infructescence belonging to the ge@yeerculifructusEstradaRuiz & CevallosFerriz

from the Late Cretaceo€ampaniankl Gallo Formation, Baja Californidjexico bear

previously undescribed characters that suggesationship to Grubbiaceae.
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METHODS: Microstructues of the fossils were examindg@ough light microscopy and x-ray
microcomputed tomography (microCT) scannilipdernGrubbiatomentosgThunb.) Harms
fruits were scanned for comparison to the fossil matd?atlogenetic analysaising the 77
fruit characters of Atkinson (2018) were perforntedest relationshigpof the fossito major
lineages of the orde®everal analyses applieapological constraints tihhe extant taxabased on
various geneticallpupported hypotheses of relationsiithin Cornales

KEY RESULTS: Novel structures oDperculifructusnewly observed heraclude (1)
anatropous ovule$2) drupaceousruits, (3) an epigynous disc, J4anda stylar canal in the
center of the disc alignesdith the micropylamprotrusion of the seed. Phylogenetic analysi
consistentlyreselveOperculifructusassister toGrubbiaceae.

CONCLUSIONS: Operculifructusprovidesdirect evidence for theccurrence oGrubbiaceae
in theLate Cretaceoysnuch oldethan previous Eocene evidendée phylogeny of Atkinson
(2018) indicates that theew phylogenetic position recovertat Operculifructusalso
establisheshe presencef the most basal drupaceous cornalean fruitdorth America by the

Campaniam:

HIPOTESIS.DE LA INVESTIGACION : Cornales cretacicos representan un registro esencial
enla historia de los astéridoSasi todos los linajes del orden estan bien representados en el
registro fosil, pero las familias africanas surefias Curtisiaceae y Grubbiaceae permanecen
pobremente entendidas. Setenta y tres ejemplares de una infrutescencia fosil perteneciente al
géneroOpereulifructusEstradaRuiz & CevallosFerriz de la formacion campaniana (Cretacico
Tardio) El'Gallo, Baja California, México, poseen caracteres no descritos previamente y sugieren
una relacion con Grubbiaceae.

METODOLOGIA : Microestructuras de los fosiléiseron examinadas con microscopio de luz y
microtomaografia computarizada (mie@) de rayos X. Frutos actuales@aibbia tomentosa
(Thunb.) Harmgueron escaneados para su comparacion con el material fosil. Se realizaron
analisis filogenéticos usando los 77 caracteres de frutos de Atkinson (201&ppardqs
relaciones de,los fosiles con los linajes principales del orden. En algudiass se aplicaron
restricciones topoldgicas a los taxa actuales basandose en varias hipotesis, soportadas

genéticamente, de las relaciones dentro de Cornales.
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RESULTADOS CENTRALES (CRUCIALES): Las estructuras novedosas@gerculifructus
recientemerg observadas aqui, incluyen (1) évulos anéatropos; (2) frutos drupaceos; (3) disco
epigino; y (4) un canal estilar en el centro del disco alineado con la protuberancia micropilar de
la semilla. Los andlisis filogenéticos consistentemente dan como resyi@perculifructus

es hermano.de Grubbiaceae.

CONCLUSIONES: Operculifructusproporciona evidencia directa de la presencia de
Grubbiaceae en el Cretacico Tardio, mucho antes que la previa evidencia en el Eoceno. La
filogenia de"Atkinson (2018) indica que la nueva posicidn filogenética recuperada para
Operculifructusambién resalta la presencia de frutos drupaceos cornaleanos mas basales en

Norteaméricardurante el Campaniano.

KEY WORDS: ‘asterics; CornalesCretaceous; Curtisiaceadrupaceoufruits; Grubbiaceae;
Operculifructus phylogeny.

Grubbiacea@reanenigmaticsouthernAfrican family of evergreen shrubs comprisefithree
specief asingle genusirubbiaBerg. (Carlquist, 197 Plant List 2013).0Once referred
alternatively.to Santalal¢Schultze-Motel, 1964), Bruniales (Dahlgren, 1989; Thorne, 1992a, b),
andEricales(Takhtajan 1987;Cronquist, 1988)molecularbasedphylogeniedaveresolved
themfirmly within the CornalegXiang, 1999; Xiang et al., 2002, 2011; Fan and Xiang, 2003).
Alongside Curtisiaceae, another enigmatic, monogeenithAfrican family, Grubbiaceae
constituteoneof.five majorcornalearclades following the scheme of Xiang et al. (2011): (1)
(Cornaceaddlangiaceae)CA], (2) (Curtisiacea&rubbiaceag]CG], (3) ((Nyssaceae
DavidiaceaeMastixiaceag[NMD], (4) (HydrangeaceakoasaceagHL ], and(5)
(HydrostachyacedeAlthougheach cladés well supported, relationshi the deepest nodes of
the phylogenyemainunstable with analyseshased on varying combinations of nuclear and
chloroplast molecular data producingraad array of topologies (Xiang, 1999; Xiang et al.,
2002, 2011;sFan and Xiang, 2003). This instability has been wadiglguted to a rapid initial
Cretaceousadiation(Xiang et al, 2002, 2011; Fan and Xiang, 2003; Atkinson, 2016). Indeed,
the topology recovered by the recent morphological analysis of Atkinson (2018) diffelg wide
from those produced by molecular analyses, and contests the realifyaflade.Fossil
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Cornaleghereforeprovide an important resouréar elucidating patterns of character evolution
and relationship within the order.

Thefossil recordof Cornalegs extensive Atkinson, 2016; Atkinsort al., 20162017,

2018; Stockey et al., 201for review, see Manchester et al., 2pTutvery few of those
Cretaceous,foessikhat are knowronstitutecrown members of angxtantlineage(Atkinson,
2018).Therecord of Grubbiaceae and Curtisiacese exceptionally poor compared to others
of the orderthe*formercontaining no more thahree extant species, and the latter one extant
and one foss#pecieqCarlquist, 1977; Yembaturova, 200%he EoceneagedCurtisia
quadrilocularis(Reid & ChandlerManch, Q-Y Xiang, & Q-P Xianganchester et al2007)
hints ata histericallybroader rangéor at leasthis family. AlthoughC. quadrilocularissets a
minimum age fora CG clade, molecular estimates date its originatmanywhere between the
Late Cretaceous andte Paleogene (Xiang et al., 2011; Magalkiral., 2015). By contrast, the
time-scaledphylogeny of Atkinson (2018) indicates that Grubbiaceae appeared by the Turonian,
and Curtisiaceae by the Campanian.

We hereyreport a new occurrence of infructescebeksging to the genu@perculifructus
EstradaRuiz &CevallosFerrizfrom thelate Campaniarkel Gallo FormationBaja California,
Mexico. First recoverednd describeffom the CampaniaiMaastrichtian Cerro del Pueblo
Formations(Coahuila, Mexicpjhe genus waisitially described as an aggregate or multiple
infructescence comprised many unilocular and operculdtits with orthotropouseed with
distal projection®f the integuments (Estrada-Ruiz and Cevallos-Ferriz, 2@ 0allo fossils
preserveseveral features unobserved in the Cerro del Pueblo material and promptatiodif
to thegeneriediagnosis These characters also suggestarkedly different phylogenetic
position forOperculifructus contrary to thereviousassignment té\lismatales(family incertae

sedi9, our studyindicates that it belongsithin Cornalessister to Grubbiaceae

<h1>LOCALITY, STRATIGRAPHY , AND PALEOENVIRONMENT

El Gallo Formation occurs in an extensive sequence of northeast dipping exposuresdorth a
west of the'town of El Rosario, Baja Californidexico (Fig. 1). There, an estuary (“La

Bocana”) cuts into and exposes3080 m Cretaceous-Paleogene, broadly conformable

sequence of marine and terrestrial sedimentary rocks, ~1300 m of which consiGatibE
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Formation. Kilmer (1963) recognized three membeiisli@allo Formation, théowestof which,
“El Disecado Membet is the source of the fossils described here.

El Disecado Member consists bI50 m of interbeddesiediumto-coarsesandstones
interbedded witliine to very fine sandy siltstones. Fulford and Busby-Spera (1993)
reconstructed.,the unit as representing a low-sinuosity fluvial system, gradingnatgiaal
marine settinglt has been dated, usifitr/>*°Ar analysis of sanidine crystals from tuffs within
the unit;"at74:87 + 0.05 to 73.59 £ 0:@9a(Renne et al., 1991), recently corrected to 75.84 +
0.05 to 74°55+0.0fnhya (Peecoolet al., 2014); these dates place it inldte Campanian.

The entire El Disecado Member is fossiliferous, producing a suite of vertebrate fossils
ranging from fish to tetrapods (including dinosaurs and mammals; see Rdmaddlartinez,
2011;PrieteMarquezet al., 2012Fastovskyet al, 2014; Peecook et al., 2Q1@arcia
Alcantara, 2016; Romo de Vivaiartinezet al, 2016).The fossils are distributed among some
100+ localities, are generally disarticulasetl commonly fragmentg and appear to occur
exclusively.as clasts in what was evidently a very active fluvial system.

Plant maerafossil preservation in El Disecado Member contrasts with the vertebrate
preservationPlant macrofossils are generally foundgilistone—very fine sandstone deposits,
representing, floodplain settings that preserve considerable organic material and plant fragments.
They are.eemmonly associated with carbonate noloedeing ferric oxyhydroxidemottled
paleosols (Fricket al, 2015) suggestingufficient landscape stability f@edogenesis.

Extensive mottling in the paleosols, along with the nodules, indicates wet/dryitgyatid
associatedsredox fluctuations in the soil subsurface, likely attributable to cliRegfardlesshe
plant remains-are largely in situ, while those of the vertebrates are allochthonous. A more
detailed description of the contrasting taphonomies of plants and vertebrates, as well as the
paleoenvironments, preserved in El Disecado Member, is curranghpgress.

The preponderance of the plant macrofossils described here were found ciabege
spaced localities: “Granito de mostdZ&ibora,” and “La esquina de la fruteria de Gerrid.

2). The fossils are permanently housed in the Museo de Paleontologia, Instituto de Geologia,

Universidad:Nacional Autbnoma de México, D Mexico.

<h1>MATERIAL SAND METHODS
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Seventythreepartial and completissil infructescenceassignableéo Operculifructusconstitute
the materiaktudied hergtheserepresent the overwhelming proportion (89%) of plant material
collected in El Gallo Formation between the 2013 and 2016 field seasons. Other, mgre poorl
preserved material of unknown affinity is also preseribis collection including petrified

wood, condragmens, roots, and stem$§hreedimensional, irorexide permineralization
preservethe reproductive structureshile compression fossils represent the few vegetative
structures present. Notably, we foumal material referable tinetaxa reported by Morris (1973)
duringtheinitial"exploration of El Gallo Formatiohy the Los Angeles Countyatural History
Museum

All materiakwas examinegetrographicallyn the Department of Geosciences, University of
Rhode Island. Thafructescencewere first observed at low magnification with a Meiji EMZ
(Meiji Techno, Saitama, Japagissecting microscope, before siere selected to be examined
in thin section at high magnification with an Olympus BH-2 (Olympus, Shinjuku, Japan)
petrographignicroscope. These sections were cut from the fossils along planes that would yield
cross anddongitudinal sectionsrotiltiple individualfruits on the structure, and photographed in
reflected lightwith an Olympus DPZ&mera attachment.

Modernand fossil representatives of fruits were scanned usimag microcomputed
tomography(microCT) on a Nikon XT H 225&]T system with a tungsten reflection systm
the University of MichigarCTEES facility Scans of fossils wengerformedat 135 kV, 1994A,
with 2.5 mm Cu filter to reduce strong artifacts in reconstructed images and 2.83 s exposure.
Voxel sizewas 13.92 um. Exta@rubbia tomentoséThunb.) Harms (Schlechter 1093 South
Africa (BRU))-was scannedt 45 Kv, 10QuA, with 1.42s exposug andno filter. Resulting
voxel size was 5.13 urihe series ofwo-dimensional projection images were acquired by the
x-ray detector using InspeX and reconstructed in CT Pro 3D (Nikon Metrology, Brighton,
Michigan, USA) using a Feldkamp-Davis-Kress (FDK) type algorithm. Recoresiidettesets
were analyzeddn Avizo 9 Lite 3D software (FEI, Hillsboro, Oregon, USAgse datare
publicly availableunder projecho. 564 on MorphoSourd®uke University;
https://wwwimorphosourcerg/Detail/ProjectDetail/Show/project_id/564).

To test the affinity oDperculifructusto various cornalean clades, the gewas
incorporatednto thematrix of 77 morphologicatharacters an88 fossil and extant cornalean
taxaof Atkinson (2018). Four phylogenetic analyse&performed in PAUP* version 4.0a162
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(Swofford, 2002) through full heuristic seaestunder standard settings, saving 10,000 trees in
each analysidn each analysis, we deactivated the seven characters reported by Atkinson (2018)
to decrease phylogenetic resolution. In three of these anadyteesatenypotheses of

relationship within Cornalesupported byhe genetic data ofiang et al(2011),were set as
backbone topelogical constrairgpplied to the extant taxé/e concatenated all three forms of
Operculifructus(O. lopezij O. latomatensisand El Gallo fossils described here) into
Operculifructusspp., becauswhile earlyiterationsof these analysestronglysupported

monophyly 6f‘the genus, they could not resolve relationships among these forms with the
characteridata presently availablée employGrubbiarosmarinifoliaBerg.in the phylogenetic
analysis for consistency with Atkinson (2018), &etause the syncacparacters diagnostic of
differentGrubbiaspecieqi.e. size,color, hirsute vs. tomentose sulci between fri@ariquist,

1977 are not caded in the character matrix of Atkinson (2018) and potentially require
reevaluationthe specimen db. tomentosave examined showed a suite of characters
intermediate to those described by Carlquist (1977G6fdomentosandG. rourkei Bootstrap
support wasgestimated for these claitiesugh a heuristic search of 1000 replicatéat) all

other search parameters on standard setfifigsTrace Character Over Trees command in
Mesquiteversion 3.51 (Maddison and Maddison, 20d@f used toeconstructharacter state
changes.at'nodes of interest throughout eachTireanorphological character matrix and
molecularlybased topological constraints are available under project no. 3238 on MorphoBank
(O’Leary and Kaufman, 2012; http://morphobank.org/permalink/?P3238

<h1>RESULTS

<h2>Systematic paleobotany

<h3>Ordex
Cornales LinksensuXiang et al. 2011

<h3>Family
Incertae sedis
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<h3>Genus

OperculifructusEstradaRuiz and Cevallog-errizemend. Hayes and Smith

<h3>Emended generic diagnosis

Polyhedral conelike syncarpouinfructescence€i—27fruits per infructescence; fragit
drupaceousobpyramidalunilocular, oneseeded; seeds subtgpulvinate disclike operculum
pericarp'comprisedf well-differentiatedayerswith thin exocarp, fleshynesocargomprisedf
relatively largejsodiametric cellstransition sclezidsbetween mesocarp and endocaig one-
to threelayeredendocarp; channel in fruit from operculum to proximal zawvejes anatropous

cylindrical 4o pyriform.

<h3>Type species
Operculifructus lopeziEstradaRuiz et Cevallog-erriz

<h3>Basionym
Operculifructus’lopezitEstradaRuiz and Cevallos-Ferriz, Int. J. Plant Sci. 168: 509.

<h3>Hoalotype
Coleccion Nacional de Paleontologia, Instituto de Geologia, UNAM. Catalog no. LPB 410.

<h3>Type locality, stratigraphy, and age
La Tomatera;=Coahuila, Mexico; Cerro del Pueblo Formation; late Campanian.

<h3>Description

Infructescenceare polyhedral, and diagenetic compression perhaps produced a roughly oblate
spheroidshape.in fossil specimefiBig. 3A—C). They range from 0.8-2.5 cm and 0.7-0.9 cm
along their.major and minor axes, respectively. Between 9 and 18 obpyramidal fruitsseompr
each infructescence, and vary from pentagonal to hexagonal in surficial expragion.

peduncle was observed on theeedimensional volume reconstruction of apecimen

extending distally from the proximal zone of the infructescence toeks offour fruits on the
surface(Fig. 3D).
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Fruits areunilocularwith asingle, apparentlynarginallyattachedseed On onespecimen, a
funiculus still attached to the base of a seed recurves from the proximal zone of the
infructescence and plunges distally into the locule (Figsar8). This arrangement suggests
that each seed developed from an anatropous ovule, contraryr foréwous description as
orthotropous.(Estrada-Ruiz and Cevallos-Ferriz, 2007).

Each seed.subtendgalvinate, disc-shaped opercul@womprisedf three well
differentiatedlayers afells, and bound by sclerenchymatous, distal projectiotieehdocarp
(Fig. 5A). An“apical protrusion occupies the center of the operculurnaridins a canal that
runs through it to the seed belokids.3E and B, C). A corresponding protrusion is present on
the distal faceref the seed and bears the micropyde F). These featuresuggesa single
stylar canalTheirregularabsence athe operculum exposésedistal face of the seed below
(Fig. 3A, F), perhaps due to abrasidissues of the operculum display a similar pattern of
differentiation to the pericarp elsewhere in the fruit, though the cellglatesely larger. Here,
epidermal’cells average 49 (Z9) um by 39 (26—65) um by 24 (12-32) um, and those
comprisingsthe@st of the operculum measi8@ (29-61) um by 61 (36-88) um by 49 (39-73)
um (Fig. 6A).

The pericarp isripartite: anexocarp mesocarp, and endocare distinct Threeor four
layers of rectangular, brick-shapeells with average measurements of 14195 um by 15 (8—

25) um by 15 (11-23) um form an exocarp, while the mesocarps comprised oisodiametric to
ovoid cells.that average 17 (126y um by 23 (15—41) um by 24 (15-42) um (Fig. 6B). Small
rectangularceligelineate adjacent fruita theinfructescenceKig. 6C).We interprethe
mesocar@s:fleshy becauseis composed ofarger, more parenchymatous cells thantrast
strongly in form and density the endocarpHig. 3D). A one- ottwo-layer palisade of
rectangular transition scleidslies between the mesocarp and endo¢aig. @); these sclaids
average 13.(916) um by 25 (17-29) um by 30 (26-35) um (Fig. 6E). Theendocarp consists of
several layers.of cells, averaging 41430) um by 11 (7—17) um by 13 (9-24) um, that envelop
theseed in.aeylindrical jacke€ells of the endocarp are oblong in cross section (Fig. 6D), and
polyhedralte cicular in longitudinal sectioig. 6E). These tissues were previously interpreted
as integuments (EstradRuiz and Cevallos-Ferriz, 2007), lsgme El Gallo fossils missing

seeds nevertheless still feattine distal projections that line the periphery of the operculum
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(Fig. 3B). Consequently, we interpret thenmti@sition sclegids and a stony endocarp, pafrt
the pericarp proper, rather thartomponent afhe seed.

Many fruit locules areofteninfilled with crystalline mineralgFig. 5A—C) A vertical
channel runs parallel to the locule, through the peri@@gp 5A). Most seeds are inversely
pyriform, with.a slendertaperingbase in théasalzone of each fruit ana broad, flat distal
surface(Figs.3D and 5A. They frequently appear laterally compressed, or even faintly crescent
like distally:-The'seed coat conssbf a minutelayer of polyhedral cells and dsfficult to
distinguish from surrounding tissudsd. 6E). Given this homogenous structure, we interpret the

seed coat as unitegmic.

<h2>Structureof Grubbia tomentosa(Thunb.) Harmsinfructescence

The infructescence & polyhedral syncarp of 18 fused drupaceous fruits (Fig. 7A, B) and is 6.5
mm and 4 mm along its respective major and minor axes. The distal face of each fruit is
approximately pentagonal and adjoins to adjacent fruits along a raised, hirsute Aangn
peduncle geeurs at the base of the syn@aign 7A).

Each carpel'is bilocular, with a single, anatropous ovule in each locule. Placeistaixile.

Only one"ovule matures to seed in each syncarp and apparently crushes the secaaadocule
ovule withn'the carpel as it develops (Fig.-1B). The mature seed occupies much of the total
volume of the syncarp and subtends an apical, pulvinate disc with a central scaigdbeot
position of.the style. A long stylar canal runs from the micropyle at tlvalagnd of the seed to
this stylar searon the disc (Fig. 7C). The seed is roughly ovoid in the proximal zoneraftthe f
and tapersite-a point along the course of this canal (Fig. 7B).

Three [distinct layers are evident in the pericarp (Fig. 7D). Agkatarp constitutes the
outermost.layer, consiag of an epidermis comprisef a palisade of approximately rectangular
cells and a hypodermis of spongy tissue with many air cavities. Tissues of the mesocarp appear
fleshy, becoming spongy near the borders of adjacent fruits on the syncarp. Roughly ismdiametr
sclereids ceamprise a thick, dense endocarp that encloses the seed. Locules with immature ovules
feature large,.apical concentrations of sclereids that grow progressively more diffuse toward the
proximal zone of the fruit. In the mature fruit, the endocarp replaces the spongyatishe
periphery of immature fruits and there delineates channels along boundariesrbatijoining
fruits (Fig. 7D).
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Vascular tissue is difficult to distinguish but appeto run through the endocarp into the
septum between the two locules of each fruit and into the funiculi (Fig. 7D).

<h2>Phylogenetic analysis

Phylogenetie.analysis under no topological constraint produced 1188 equally parsimonious trees
of 197 steps (consistency indgX] = 0.406, retention indefRI] = 0.750). Strict consensus of
these treedFig.8)recoverOperculifructusas sister t@&rubbia with the same topology of
deeper cornalean relationships reported by Atkinson (2@txacter tracings performed across
these trees identify the acquisition of drupaceous fwitts a thick and woody endocarp, one
ovule per leculeand a smootkeed coahs synapomorphies for the node uni@@rubbia
OperculifruetugGO] cladeand all more derived cornalean takased fruits represent the only
unequivocal synapomorpligr the GO cladeinder this topology, though a funreiaped
endocar@nd a lack of germination valvesay also be derived therEhese tracings also

indicate as.derivesh Operculifructudransition sclezids andhe presence of elongate rather
than isodiametric endocarp sdiels.

By contrast; ina second analysis undetapological constraint specifying no branching order
among the.major cornalean lineagesovered by the genetic analysis of Xiang et al. (2011) (i.e.,
the monophyly ofCA, CG,NMD, HL, and Hydrostachyaceaaye obtained 10,000 equally
parsimonious trees of 2@2eps(Cl = 0.396, RI = 0.739)0perculifructusgroups within a
(Curtisiacead Grubbiacea@perculifructug [C-GO] clade under strict consensus of these trees
(Fig. 9A). Fhe"C&O clade here lies in a large polyphyletic clade compris€ProNMD, and
thosefossiltaxadesignatedby Atkinson (2018 as the stem NM@roup.

A third analysis Fig. 9B), performed under a topological constraint as before but also
specifying,the monophyly of a CA-CG clade, retrieved with high support by all analyses of
Xiang et al..(2011), produced 10,000 equaklysimonious tresof 202steps(Cl = 0.396, Rl =
0.739).Strict consensus of these trees (BiB) recovergshe CGO clade as sister to a
polyphyletieselade comprisintpe sterNMD group, and these clades @amonophyletic sister to
the CA group:

A fourth analysis specifying the monophyly di&D-(HL-Hydrostachyaceaelade in
addition to the CASG cladeand major lineagegroduced 10,000 equally parsimonious trefes
209steps(Cl = 0.383, Rl = 0.724). The topology of this constraint was highly supported by
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many but not all analyses of Xiang et al. (20ELkjict consensus of these trees (PIG)
produces a poorly resolved phylogeny, with a monophylet@CCelade falling within a large
polyphyletic group containingll cornalearineages.

Charactetracingsperformed on trees produced by theee constrained analyses all recover
fused fruits.andhe secondary loss germination valveassynapomorphies for a GO clade.
Whether afunnethaped endocarp is derived for the GO clade is equivasah the analysis
performed under no topologicabnstraints (Fig. B Elongate sclasids are reconstructed as
derived inOperculifructus asbeforeg but the presence of transition selds is here
plesiomorphic, rather than derived. Synapommptor a GGO cladearelargely equivocal
across theseqanalyses, with vasculature in the fruit axis only definitively reconstructed as derived
for the clade in‘the analysis specifyiogly monophyly of a CA=G cladein addition to that of
major lineagegFig. 9B).

<h1>DISCUSSION

<h2>Companrisens with previously described fossils

Several features firmly situate El Gallo fossil€Operculifructug(operculate unilocular
infructeseencgthin, disclike operculum9-18 fruits per infructescencectangular transition
scleeids.thick endocarp with oblong sclkeids), and we therefore assign the fossils to the genus.
Two species have been describ®d|opeziiandO. latomatensisf the late Campaniato
MaastrichtianCerro del Pueblo Formation, CoahuNéexico (EstradaRuiz and Cevalls+Ferriz,
2007). Magnetostratigraphic correlation of the Cerro del Pueblo to the Horseshoe Canyon
Formation (Ebertlet al, 2004;southeasterAlberta, Canada)laces it within théBaculites
reesideiandB. jensenammonite zones, the former dated to a maximum age of 72.5ldfa.
recent work updates the maximum age of this zone to 72.94 £ 0.45 Ma (CailedaB006);
Operculifructusthen, appears in Baja California 3.4—-1.07 @dalier than irthe Mexican
mainland.The genus may persist later in this recasdvell EstradaRuiz and Cevallo$erriz
(2007:fig. 6)y@lso report aimilar infructescence from the Oligoceiiocene El Cien
Formationof Baja Californi&ur, thougha lack of microstructural data precludes a confident
diagnosisand full comparison with El Gallo specimens described. hMoeeover, it remains

possible that this foss# reworked from older Cretaceous sediments.
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El Gallo Operculifructusexhibits characters previously uniquedolopeziiandO.
latomatensigTablel). It bears 918 fruits per infructescencarangethatencompasses that of
El Cien infructescence (12) and resembles th@l.dbpezii(6—15) more closely tha@.
latomatemis (21-27).Like O. lopeziiandO. latomatensisEl Gallo infructescences feature a
pulvinate operculum bound by distal projections of the endocarp. The relatively shallow
operculum,of El Gall®perculifructusmuch more closely resembles thathfopezii (both
~1.5 mm thick)'than the deeper operculum (~12 mm thick). dhtomatensisThe protrusions
of the distal'face of the seed and opercular tissue noted on El@aroulifructuswere not
observed macroscopically in eiti@r lopeziior O. latomatensisThis is perhaps attributable to
preservationaleonstraints, asshéatures are also absent from more popréserved fossils
among El ' Gallo infructescences. One specimed.dbpeziidid nevertheless feature “an fise
toward [the] geometric center [of the operculum] that is surrounded by radiahgard cells, as
seen in cross section” (EstraBaiz and Cevallos-Ferriz, 2007: fig.)2JThis structure may
represent the stylar canal observed among El Gallo fossils.

As in O=latematensiandO. lopezij El GalloOperculifructusfeaturesazone of rectangular
transitionsclerids between the mesocarp and endoearg,a thickendocarpof stratified oblong
cells. Thesmorphology dhese transition scleids is shared among all thr&perculifructustaxa
in which.itsis"/known. More noteworthy is the structure of the endocaration in cell shape
and cell wall thickneskereform threezones inO. lopezij but cells are homogeneousin
latomatensisand El Gallo fossils.

El GalleOperculifructuspossessediagnostic characters of bath lopeziiandO.
latomatensisThis coincidence, alongside the geographic distance and older age3(d4a 1
older)of El Gallo material, suggests that these features might represent a distinct species.
Alternatively, becaus®. lopeziiandO. latomatensiso-occur (Estrada-Ruiz and Cevallos-
Ferriz, 2007),.these features could indicate morphological plasticity within tius.géwould
thereforebe prudent to examine ingpecificand interspecific morphological variatierithin
these specieglongsidaheir closest living relativeso determine whether the morphological
variations we.,see warrant erection of a new species. For this reason, while we are confident these

fossils belong irDperculifructus we conservativelgesignate them @perculifructussp.

<h2>Phylogenetic affinity of Operculifructus
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EstradaRuiz and Cevallog-erriz (2007)describedOperculifructusasincertae sedisvithin the
monocot ordeAlismatalesbased on a mosaic of charactemssent in someaxa distributed
throughout the ordeiThese includedphericalaggregate or multiple infructescences, unilocular
berries, and orthotropous ovulétwever,these characters do not diagnose the crown
AlismatalesnodeConventionally recognized morphological synapomorphies of Alismatales
include scaleor stemlike trichomes within the leaf bases at the nodes, extrorse anthers, and a
large green‘embryo (Judd et al., 2008), none of wikiohservable irDperculifructus Because
thefossil taxon also lacks characters diagnostic of any family or smaller clade within
Alismatales no known synapomorphies support placemer®@pérculifructusn the order.

By contrastOperculifructusbears a striking resemblance to compound fruits of Cornales,
such aghose of big-bracted dogwoods (i.€qgrnus kous®irger),Grubbia and,to some
extent,Camptothecdecne Moreover, featuregecognized in El Gall®perculifructusare
consistentvith the suite ofcharactergenerally considered diagnostic of this orddrese
characters.includ@l) drupaceou$ruit with woody endocarp; (2apical germination valves; (3)
one seegerlocule;(4) anatropous ovules; (e absence of @entral vascular bundland (§
an epigynousydisc-like region néctariferougissuepersistent on fruit§Stockey et al., 1998;
Manchester.et al., 1999; Takahasi et al., 2002; Atkinson, 2016; Atkinson et al., 2016, 2017,
2018; Stoekey et al., 2016)Imost half of the cornalean familiebear allsix ofthese characters,
but one or morean beabsent, as iDavidiaceadlacking nectariferous disdjanchester et al.,
1999),Curtisiaceadpossessing centralized vasculaiianchester et al., 2007), Grubbiaceae
(lacking apicakgermination valves and possessergralized vasculatur&mith and Smith,

1942; Carlquist, 1977Hydrangeaceagapsular, multiseeded fruitstorozowska et al., 2012),
Loasaceagcapsular, multiseeded fruité/eigend et al., 2004), and Hydrostachyaceae<ular,
multiseeded fruitsAlbach et al., 2001 How different lineages acquirext lostthese characters
remains uncleahoweverpbecause uncertaly in deepnode relationships in tredrnalean
phylogeny.obscures patterns of character evolutitimn it. It is possible that thessharacters

are synapomorpb (or perhaps plesiomorphic, in the case of anatropous ovules) for the crown
Cornales node, and therefore lost secondarily in clades that do not possess doeony okt
sequentiahodeswithin the phylogeny, wittineagesamissing them beingister tosuccessively

morederived clades.
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The topology reported by Atkinson (2018) supports this latter hypotaiszapsular,
multiseeded fruits with centralized vasculature ancestr@brnalesdrupaceous, singlseeded
fruits uniting Grubbiaceae and all more derived lineagesnination valves uniting a
(Hironoia-Amersinig clade and all more derived lineagasd decentralized vasculature uniting
a monophyletic core cornalean group contaifddgand stem and crondMD lineagesBYy
contrast, Xiang et al. (2011) note that the strosglyported monophyly gnNMD-(HL-
Hydrostachyaceaeladein many of their analyses suggests that drupaceous fruits, germination
valves, andheabsence of aentral vascular bundle aderived at the crown Cornales node,
rather than acquireid a hypothesized Cornacebi®D lineage, though they caution that this
topology wassnot wekupported by totadvidence analysig.-he actualdiagnostic power of these
broadly “cornalean” charactewathin the ordelis relevant to this discussion because
Operallifructuslacksgermination valves artie diffuse fruit vasculature of some cornalean
families In short, whethethese character stataieindependently derivedithin or ancestralo
Cornaleshassignificant implicationgor their utility in assessing the position©perculifructis

Other eharacterprovide more direct evidence about the relationsbifi3perculifructus
Unigue morphologies present nowhere else in Cormd¢isguishfruits oftheHL,
Hydrostachyacea@andNMD lineagesFruits ofHL and Hydrostachyaceage typically
capsulesvith'multiple seeds per locul€ronquist, 1988Albach et al., 2001; Weigend et al.,
2004; Morozowska et al., 2012hd bear littleesemblance to the singkeededdrupaceous
fossil infructescence# fibrous endocarp distinguish®8MD and contrasts strongly with the
elongatetodsodiametric cells thatonstitutethis tissue elsewhere in the ordEyde, 1963;
Stockey etialy2016].his endocarp morphology esasily reognizedn fossils (Manchester et
al., 1999; Takahasleit al, 2002; Noll, 2013) but appears not dtli&ke that ofOperculifructus

The CA clade possesses the most extensive fossil record of anycuoajdean lineage
(Eyde, 1988; Eeng et al., 2008anchester et al., 2009, 20Mkinsonet al, 2016) and traits
that diagnosé unequivocallyare well understood-ollowing Eyde (1988xand Manchester et al.
(2015),fruitssof CormaceagCornusL.) can be recognizeuay theirtransseptal vascular strands,
multiple locules pefruit, inferior ovariesdorsal(elongategermination valve, and endocarps
comprisedf isodiametric cells. Some species also feature transitioregtddretween the
mesocarp and endocarp, a£inmasL. andC. officinalisSiebold & Zucc. (Morozowska et al.,
2013).Fruits of AlangiaceaeAlangium) possess similar characters difter in the structure of
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the septal vasculature and the presence of laticifers around vascular bapdeeslO68).
Althoughthe yncarpspresent among thag-bracted dogwoods of Cornaceae (Eyde, 1988;
Xiang et al., 2006)esemble th®perculifrucusfossils this similarity is limited by thediffuse
vasculature, germination valves, and biloctiaits that are unlikeéDperculifrucus

Although.a.CG clade is consistently retrieved in molecular analyses of Cornalag,(Xi
1999; Xiang etal., 2002, 2011; Fan and Xiang, 20@8y,rhorphologicatharactersinitefruits
of the group apart from plesiomorphigronaleartraits This is perhaps unsurprisirag the
morphologicalanalysis of Atkinson (201&oes not support the existence of the clade.
Diagnostic characters of Curtisiace@riftisia Aiton) include the consistent presence of four
locules, ansabsence of ribbing or vasculature along the surface of the stone, faint grooves
delimiting the location of the germination valves, locule lining comprigedsingle stratum of
transverseharranged digitate celland transition scleigs between thenesocarp and endocarp
(Manchester et al., 2007; Yembaturova et al., 2088)bbiafruits, by contrastarehirsute
conelike syncarpghat feature acarious discrownng a single seedasmall distally protruding
scarleft bysthesstyle irthe centerof eachdisc and two locules pdruit that unite to form one
through the disintegration of the septum asowery maturegHarvey and Sonder, 1859-60
Smith and«Smith, 1942; Carlquist, 1977; Kubitzki, 2004).

Micro€T'scans othe extantGrubbia tomentoséFig. 7) reveal characters shared with
Operculifructus In both taxa, the single seed of each fimihediatelysubtends the epigynous
disc, witha protrusiorat the location of the micropytarust into is overlying tissue and
contiguouswith dong stylar canalFig. 7B—D). The epigynoudisc isinternallyfleshy or
spongy withsanoutermost layer comprisetlbox{ike cells,and bears a prominent stylar scar on
its surfaceThe occasional absence of this disc in s@perculifructusfossils (Fig. 3B, F) raises
thepossibility that it served a similar role in seed dispersal to the germination valves of all
drupaceous.cornalean taxa apart fil@mbbia but such an interpretation is speculative.
Moreover, thegresence aoflistincttissuelayers in the disc dDperculifructuspresents a clear
structural difference to true cornalean germinatialves. We therefore consider germination
valves absent,in both taxarubbiaand El GalldOperculifructusalso shar@nabsence of
diffuse endocarp vasculature and, perhaps, the tikesgss both bedo cypress congsn
addition to anatropous ovulessingleovule per loculea smooth seed coat, a thick, woody

endocarpandthe drupaceous nature of the individual fruits.
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Thesesimilarities ingross morphologgrenot exact, however. Only one ovule belonging to
a single fruit on eacBrubbiainfructescence matures into a sewtiereas every ovukgppears
to havematured to seeth Operculifructus Additionally, Grubbialacks the distaprojectionsof
the endocarp that delimit the circumference of the overlying di@perculifructus butit
appeas tohavechannels approximately corresponding to the periphery afiticdéFig. 7C), as
well as a similarlystructured apical funnel of tledocarp (Fig. 7D)A lack of immature ovaries
among the*fessils frustrates comparison to the initially bilocular ovari@sutsbia, though they
both appearuniloculaat maturity This also complicates interpretation of placentation in the
fossils, as the apparé&nimarginal attachment of their seeds resesible attachment of seeds in
matureGrubbiafruits, in whichplacentation is axile buhe second locule is crushed. For these
reasonswercodeboth the number of locules per fruit goidcentation as uncertain for
Operculifructusin our phylogenetic analysdseverthelesQperculifructusappears to bear the
greatest similarity to Grubbiaceae among Cornales.

In the fourphylogenetic analysese performedQperculifructusvas consistently recovered
as sister tosGrubbiaceae (Biggand9). Charactetracings performed faall analyseseconstruct
syncarpoudruits asan unambiguous synapomorphy for the clade, and secondary loss of
germination,valves andfannelshaped endocaigs potentially derived ther@lternatively,
analyses.performed under constraints defined by relationships recovered by Xahar{gG:t1)
identify thesecondary losef germination valves amn unequivocal synapomorphy for the clade,
and axial placentation as plausibly derived there, ththugistate ofhis second character could
not be confidently reconstructethe discrepancy between the@seonstructionseflect
discordancesin‘hypothesesrefationshipbetween th&O clade andther cornalean lineages. If
the phylogeny of Atkinson (2018 correct, the GO clade represents an intermediate form
between a capsuldiruited ancestral grade aitd sister clade of all othelrupaceoudruited
lineages, with relativelfew uniqgue morphological innovations. Alternatively, per the topologies
of Xiang et.al. (2011), the GO clade may constitute a morphologically delagewithin a
lineagesisterto CA. Intriguingly, aur second constrained analysisg. 9B) recoversliose taxa
Atkinson (2018)xesignates as the stem NMD lineage as sister t&® Cladewithin this
lineage This suggests the possibility ththe four extant species withurtisiaceae and
Grubbiaceae constituterelict assemblagef a lineage otherwisestricted to the Late
Cretaceousbutbootstrap support for this relationship is not high.
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Based on comparative morphology and phylogenetic analyses, we propose to transfer
Operculifructusirom Alismatales, familyncertae sedisto Cornales, as sister to Grubbiaceae.
The analyseseported herguantitatively establisthis relationshipthough the position of this
GO cladewithin Cornalesappeardo depend on the robustness of our cumesiecularly(Xiang
et al., 2011).er. morphologically (Atkinson, 2QX&sedunderstanding of relationships among
themajor cornalean lineage&dditionally, it remains unclear wheth@perculifructusmight be
considered a‘crommember, or even stemember, ofcrubbiaceaeThemost recent
circumscriptionof the family (Carlquist, 1977) is based only on the extanibbia andalthough
it includes somevidently deriveccharacters at theO node, such as syncarpous fruitglso
describesnanysembryo, endosperm, floral, and vegetatharacters unobservable in the fossil.
This precludes‘determination of whether Grubbiaceae might encompass both genera.

Nevertheless, ouanalysesffirm a closerelationship betweeGrubbiaandOperculifructus

<h2>Cretaceous cornalean phytogeography

Operculifruetusdocumentshe presence of trmurrently South AfricarGO clade acrossorthern
Mexico duringthe CampaniarThis age predategrevious fossil-constrained molecutstimates
for the origin of the familyalthough it falls within the 95% credibility (Xiang et al., 2011) and
posterior.density intervaldfagallonet al., 2015) constructed around those dated is
consistent with the timecaled phyloggnof Atkinson (2018)It puts into questioa previously
hypothesized Eurasian origin falCG lineage based on the recognition of fo§sittisia
guadrilocularisfrom theearly Eocene of southern Englafianchester et al., 200@nd
highlights the-difficultyof inferring biogeographic histories for lineages witheatremepaucity
of fossils(see also Atkinson et aR016).Despitethe spatial and temporalistanceof
Operculifructusirom the Cenozoic foss{Curtisia, the global distribution dibssil Cornales
suggestshattheincidenceof the GOclade inMexico during the Cretaceousanrd perhaps later,
if the OligoceneMiocene El Cien fossil is not reworkeds notentirelysurprising.

The LatesCretaceousf North Americaikely represent&n importantime andplacefor the
diversification,of Cornaleslylerianthus crossmanensgandolfo, Nixon, & Crepet (1998), a
charcalified flower of the Turonian Raritan Formation of New Jersey, arguably provides t
oldest evidence of the order globallhe flower was described as possessing a strong
morphological affinity to the Hydrangeacg&ornalesiand Saxifragaceg&axifragales)and
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Gandolfo et al. (1998) reported that preliminary phylogenetic analysis usingabrecter matrix
of Hufford (1992) consistently resolved it as sister to the fornwavekier, due to concerns about
the original matrix, they neithdéigured these results nor reperthe coding of characters for the
fossil. Thus, vhether this analysisufficed to assigthe fossil to the Hydrangeaceae is disputed
(Crepet et al:200MNartinezMillan, 2010; Friis et al., 2011; Manchester et al., 2@4tkinson

et al., 2018 and somealatasuggest a younger, Coniacian-Campanian age for the flogsil (
discussionsee"Massoni et al., 2015).

More definitive evidence establishes the presencecofeagroup (Fig. 8; Atkinson, 2018) of
Cornales in Late Cretaceous North America. The Conid@mmacarpaitkinson, Stockey, &
Rothwell EdencarpaAtkinson, Stockey, &Rothwelt andEydeia vancouverensistkinson,
Stockey, &Rothwel(2018) of Vancouver Island, Canaddl,bear characters known today only
in these clades;though not consistent with any one family. The Cam@ami@carpaAtkinson
(2016) andSheltercarpatkinson, Stockey, & Rothwell (201 d)isplay similar characterand
all five taxa fall within the sterNMD group recovered by Atkinson (2018) and here (FigpuB
see also Figr9B Moreover,SuciacarpaandSheltercarpaco-occurwith fossils referable to the
extantCornus(Atkinson et al., 2016}his provideghe earliestecord ofcoexistence between
probable'stem members of tN&ID group and crown members GA. Evidence for crown
members.of th&IMD cladeis apparently absent from Cretaceous North America, as
phylogenetic analysis dfuits previously referred tdlyssal. andDavidia Baill. from the
Campanian_of Albert@Manchester et al., 2018g. 5) recovers them within the stelRiMD
group (Atkinson, 2018

Only Asia-bears a record Gornalescomparable in age that ofNorth AmericaThe
ConiacianHironoia fusiformisTakahashi, Crane, & Manches{@002)and ConiaciarBantonian
Eydeiahokkaidoensi$tockey, Nishida, & Atkinson (2016) of Japan aréeasicoeval with
ObamacarpaEdencarpaandEydeia vancouverensiand phylogenetic analysis recovers the
former fossil as sister tmersiniaobtrullata Manchester, Crane, & Glovneva, and lduger
within the steNMD group (Atkinson, 2018Evidence for the CA clade emerges somewhat
later in Asiarthann North America with Paleocene leavesQurnus krassilovManchester et al.
(2009)from Russia. However, the record is such that it remains unclear whether this apparent lag
reflects a real phytogeographic pattern or sparse sampling of Asian depositsppirtpeiate
age. We do know thabembers othe crownNMD clade appeamoughly synichronously imsia
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andNorth Americawith lea impressions obDavidia antiqua(Newberry) ManchestgP002),
reported fromearly Paleocene deposits of the Kamch&&ainsula, Russia, and western North
America

An ancestral region for Cornaleannot be confidently identified with present data.
Neverthelessf,.the relationships within Cornalescovered by Atkinson (20)&nd here (Fig. 8)
arecorrect,recognition ofOperculifructusestablishedlorth Americaasthe only continent
presently known to possess thestbasal drupaceous cornalean frioystheCampanian
Additionally;"both thesarly EoceneCurtisia quadrilocularisand CretaceouSperculifructus
provide evidence for European and North American biogeographic conrsetctibfrica More
fossils, especially from Africawill be important to deciphering the extent and directionality of
these relationships. Whikk accurateccount of the early dispersal of Cornatasstlikely
awaitthe recovery omore(andolder) material referral ofOperculifrucusin or sister to

Grubbiaceadints at adeepand complex phytogeographic history fois enigmatic lineage
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FIGURE 1."Lecation of study area near El Rosario, Baja California, Mexico. El Disecado

Member of El Gallo Formation is indicated by gray fill; the band of fossiliferous localities is

indicated by circles. Also indicated are the key localities for El Gallo flora assemblage and the
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approximate position of the type locality ©perculifructusin the Cerro del Pueblo Formation,
Coahuila, Mexico.

FIGURE 2. Stratigraphic sections measured in the three localities yielding the preponderance of
floral materiali(A) Vibora (N30.04772, W115.75540), (B) Granito de mostaza (N30.04760,
W115.75904),and (C) La esquina de la fruteria de Gerry (N30.05237, W115.75889). In each
case, the floral"material is found associated with fgrarned deposits, interpreted as paleosols,
suggesting landscape stability and autochthonous preservation of the florahimistas scale

differences.

FIGURE 3»*El Gallo Operculifructussp. (A) Overview of two infructescences. Note distal
protrusions (Prt) of seed and operculum on the two frontmost fruits of the rightésitence.
Scale bar =.0.25 cm. IGM-PB 1357 left, IGM-PB 1355 right. (B) An infructescencengissi
seeds but still bearing the distal projections of tissue (End) that would delimit the circumference
of the opereulum. Scale bar = 0.25 cm. IG8-1358(C) Cross section through fractured
infructescence=note tke funiculus (Fun) attached to the centermost seed. Scale bar = 0.25 cm.
IGM-PB1359. (D) Volume rendering of an infructescence illustrating density conttasteine
epicarp_and“mesocarp (green) and endocarp (yellow). Note peduncle (Ped) presgrtside

of structure. Scale bar = 1.25 mm. IGM-PB 1355. (E) Distal protrusion of the operssiar

(Prt) and associated canal. Scale bar = 0.425 mm:-PBM355. (F) Distal protrusion of the

seed with a*central orifice (Prt), probably micropyle. This protrusion correspmtiust of the
operculumabove. Scale bar = 0.425 mm. IGM-PB 1355.

FIGURE 4. Detailed view of funiculus (Fun) attached to seed (See) shown in Fig. 3C. Note
curvature away.from the plane of section in the proximal zone of infructescence, and ascension
into locule toward surface of fruit. Inset: sketch of relationship betweeoulusi (Fun) and seed
(See). Scaletbar = 1.25 mm. IGM-PB 1359.

FIGURE 5. MicroCT digital sections of El Gall®perculifructus (A) Section of a complete

infructescence. Note positions of operculum (Opr), endocarp projections (Prj), gn(md),
and mesoap (Mes) of a single fruit, and vertical channel (Cha) running through the pericarp,
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parallel to the seed. Scale bar = 0.625 mm. {BB11355. (B) Section of one fruit displaying
protrusion of seed (Prt), and corresponding protrusion of operculum (Sce), geokaps
representing stylar scar; compare to Fig. 3E, F. Scale bar = 0.25 mm. IGM-PB 13S&ctiG)
of one fruit illustrating probable stylar canal (Can) running through operculum to seed
protrusion.. Seale bar = 0.625 mm. IGM-PB 1355.

FIGURE 6."Microstructures of El Gall@perculifructus Individual cell dimensions are

indicated by'dotted outlines. (A) Longitudinal section of one infructescence, widlceawvned

by operculum (Opr) bound by distal projections of the endocarp (Prj). Relative positiogs of Fi
4B, C, E are denoted by boxesd Fig. 4D by dashed line. Scale bar = 500 um. IGM-PB 1360.

(B) Longitudinal section comparing of the boxy cells of exocarp (Exo) and irregular, polyhedral
cells of mesocarp (Mesycale bar = 100 um. IGM-PB 1360. (C) Longitudinal section

illustrating rectangular cells (Mar) at the marginal contact between two fruits in an
infructescenceScale bar = 100 um. IGM-PB 1360 (D) Cross section illustrating mesocarp

(Mes), uniserate palisade of transition slcerids (Tsc), many layers of orthogonally oriented cells
in endocarp (End), and seed (S&ejle bar = 100 um. IGM-PB 1360. (E) Longitudinal section
displaying.differentiation between mesocarp (Mes), transition sclerids (Tsc), endocarp (End),
and seed.«(Se&cale bar = 100 um. IGM-PB 1361.

FIGURE 7. Fruitsof Grubbia tomentosé&Thunb.) Harms [BRU: Schlechter 1093, South

Africa)]. (A)»Overview of single syncarp. Note prominent stylar scar in the center of each disc on
the structuregand peduncle (Ped) protruding from the bottom of the syncarp. Scale bar = 1.25
mm. (B) Threedimensional volume reconstruction of syncarp. Only one ovule per syncarp
matures into seed; note long stylar canal running from stylar scar atop the disc (Dis) to distal
protrusion (Prt).of the seed. Scale bar = 1.25 mm. (C) MicroCT digital section ofsyNose

oblique section/through immature ovary with two locules (Loc), and the close reigtions

between thewdisc (Dis), apical protrusion (Prt) of the seed, stylar scar (Scr), and canal (Can). The
channel (Cha).corresponds to the periphery of the seeded fruit. Scale bar = 1.25 mm. (D)
Different plane of digital section of same syncarp as in C, illustrating tissue differentiation

between the epidermal (Epi) and hypodermal (Hyp) layers of the exocarp, the meSlasrp (
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and the endocarfc(d). Note presence of apical sclerids above locules bearing immature ovules,
and note embryo (Emb). Scale bar = 1.25 mm.

FIGURE 8. Strict consensus of 1188 equally parsimonious trees recovered under no topological
constraint, with reconstructed evolutiohselect characters mapped onto the phylogeny.
Unequivocal apomorphies were reconstructed as derived for marked clades in all 44.88 tre
Equivocalapomorphies were reconstructed for marked clades in all 1188 trees, ainipder
reconstructionsat deeper nodes prevents determination of whether they ack atgpivmitive

for those clades. Equivocal reconstructions are marked at clades for which a single character
state couldsnetibe reconstructed across all 1188 trees. Labeling of major groayws feoim

Atkinson (2018). Dagger denot@perculifructusGrubbiaceae clade. Numbers above branches

denote bootstrap support.

FIGURE 9. Strict consensus trees recovered under topological constraints defined by major
clades recovered by molecular analyseXiang et al. (2011), with reconstructed evolution of
select characters mapped onto the phylogenies. (A) Strict consensus of 10,000 equally
parsimonious trees, under a constraint specifying the monophyly of CA, CG, NMD, HL, and
Hydrostachyaceae. (B) Striconsensus of 10,000 equally parsimonious trees, under a constraint
specifying monophyly of CA-CG in addition to those clades in A. (C) Strict consensus of 10,000
equally parsimonious trees, under a constraint specifying the monophyly 63C#xd NMD
(HydrostachyaceaklL) in addition to those clades in A. Definitions of unequivocal
apomorphiesyequivocal apomorphies, and equivocal character state reconstanetans Fig.

8. Dagger denotegSperculifructusGrubbiaceae clade. Numbers above brandeeste

bootstrap support. Versions of A—C with full tip labels and support values for cladesthel

family level.are available in Appendix S1 as Figs. S1, S2, and S3, respectively (see

Supplemental Data with this article).

TABLE 1. Morphological featugs apparent in infructescences from Cerro del Pueblo, El Gallo,
and El Cien formationdn the case of El Cien, no microstructural data are yet avadaltiee

infructescenceModified from Estraddruiz and Cevallo$-erriz(2007).

Feature Operculifructus Operculifructus El Cien El Gallo
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|opezii latomatensis infructescence Operculifructus

Infructescence form Polyhedral Polyhedral Polyhedral Polyhedral
Type of infructescence| Aggregate or Aggregate or multiple| Aggregate or Aggregate or

multiple multiple multiple
Operculatesfruit Yes Yes Yes Yes
Number of fraits per 6-15 21-27 12 9-18
infructescence
Vertical channelinfruitl Present Present ? Present
Seedshape Cylindrical to Cylindrical ? Pyriform

pyriform
Endocarp Threelayers Onelayer ? One layer
differentiation
Transition sclereids Present Present ? Present
Number of locules|per | 1 1 ? 1
carpel
Number of avules per | 1 1 ? 1
carpel
Ovule orientation Anatropous Anatropous ? Anatropous
Diameter of 0.6-1.7 1.82.3 1.3 0.8-2.5(major axis)
infructescencéem) 0.7-0.9 (minor axis)
Distal protrusion of ? ? ? Yes
seed
Orifice on operculum | ? ? ? Yes

face
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LEGEND

@ Unequivocal apomorphy

‘I, Equivocal apomorphy
@ Equivocal character state
reconstruction

Capsular fruit; endocarp thin;
@ many.ovules per locule; seed coat
sculpted

Drupaceous fruit; endocarp thick;
one ovule per locule; seed coat
smooth

@ Fruits.fused

@ Placentation axile

@ Placentation apical/subapical
@ Germination valves absent

@ Germination valves present

@ Elongatessclereids in endocarp
septapdorsal, and ventral areas

Endocarp vasculature present
in central fruit axis

@ Endocarp vasculature absent
in centralfruit axis

@ Transition sclereids present
@ Transition sclereids absent

@ Endocarp funnel-shaped

@ Endocarp not funnel-shaped
(8 additional character states)
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Morphological analysis under no constraint

After Atkinson (2018)

Cornus oblonga
Alangium chinense
Alangium eydei
Alangium vermontanum j§ Alangiaceae
Alangium villosum
Alangium javanicum
Cornus controversa
Cornus sanguenea
Cornus volkensii

Cornus eydeana

Cornus multilocularis
Cornus mas

Cornus officinalis

Cornus piggae

Cornus canadensis
Cornus kousa

Cornus florida
Diplopanax stachyanthus
Diplopanax eydei
Langtonia bisulcata
Retinomastixia schultei
Mastixia philippenensis
Beckettia samuelis
Mastixioidiocarpum oregonense
Davidia involucrata
Davidia antiqua

Nyssa sylvatica

Nyssa talamancana
Nyssa grayensis

Nyssa aquatica

Nyssa javanica

Nyssa spatulata

Nyssa ogeche
Camptotheca acuminata
Suciacarpa starrii
Suciacarpa xiangae
Drumheller fruit 2
Obamacarpa edenensis
Drumheller fruit 1
Eydeia vancouverensis
Eydeia hokkaidoensis
Edencarpa grandis
Sheltercarpa vancouverensis
Curtisia dentata
Curtisia quadrilocularis
Hironoia fusiformis
Amersinia obtrullata
Opeculifructus spp.
Grubbia rosmarinifolia | Grubbiaceae
Hydrostachys spp. === Hydrostachyaceae
Hydrangea heteromalla
Philadelphus purpurascens
Deutzia corymbosa
Jamesia americana
Mentzelia dispersa
Loasa sclareifolia
Hydrocera triflora |
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NMD
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LEGEND
@ Unequivocal apomorphy

‘I, Equivocal apomorphy
@ Equivocal character state
reconstruction

Capsular fruit; endocarp thin;
@ many ovules per locule; seed coat
sculpted

Drupaceous fruit; endocarp thick;
one ovule per locule; seed coat
smooth

@ Fruits fused

@ Placentation axile

@ Placentation apical/subapical
@ Germination valves absent

@ Germination valves present

@ Elongate sclereids in endocarp
septa, dorsal, and ventral areas

Endocarp vasculature present
in central fruit axis

@ Endocarp vasculature absent
in central fruit axis

@ Transition sclereids present

@ Transition sclereids absent

@ Endocarp funnel-shaped

@ Endocarp not funnel-shaped
(8 additional character states)



