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Abstract Endocarps of the genus Prunus (family Rosaceae) have been described from early Eocene clay deposits in the Wutu
Coal Mine, Shandong Province, China. Endocarps are elliptical or ovoid in lateral view, with a long canal that approaches the
apex of the endocarp and contains the ventral vascular bundle. Comparisons with related living and fossil species of Prunus

indicate that these endocarps should be assigned to Prunus wutuensis sp. nov. The endocarps from Wutu represent the earliest

record of Prunus in Asia. Based on the distribution of fossil Prunus endocarps, the palacobiogeographic history of the genus
is shown on palaeogeographic maps of the Northern Hemisphere. The fossil data suggest that the genus first appeared in the
early Eocene of North America and Asia, and then extended to Europe in the middle Eocene.
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B INTRODUCTION

The genus Prunus, established by Linnaeus in 1753, be-
longs to the subfamily Prunoideae Focke of Rosaceae. It is
represented by shrubs and trees, which are characterized by
a solitary carpel, a fleshy drupe, five sepals and five petals
(Rehder, 1940). Over 200 species exist (Rehder, 1940) with
some of them being especially well known for their cultivated
fruits, such as cherries, plums (prunes in French), peaches,
apricots and almonds. The most widely adopted classification
of Prunus is the one of Rehder (1940) that divides the genus
into five subgenera: Amygdalus L., Cerasus Miller, Lauroc-
erasus Duhamel, Padus Miller and Prunophora Neck. (= subg.
Prunus). The subgenera are widely distributed in the Holarctic
except for subg. Laurocerasus which is restricted to tropical
and subtropical regions (Yi & al., 1986).

The oldest records of Prunus were based on leaves from
the Late Cretaceous of Wyoming, New Jersey and Nebraska,
U.S.A. (Berry, 1916; Brown, 1933) but their identification has
not yet been confirmed. The earliest record of Prunus endo-
carps was from late Paleocene of Colorado, U.S.A. (Brown,
1962). This material was reevaluated by Pigg & al. (2008) and
determined to belong to Icacinaceae rather than Rosaceae.
Since the Eocene, abundant endocarps were reported from
the Northern Hemisphere including both mold-casts (e.g., Reid
& Reid, 1910, 1915; Kirchheimer, 1936, 1942, 1957; Miki, 1936,
1938; Médler 1939; Szafer, 1961; Tanai, 1961; Dorofeev, 1963;
Mai, 1964, 1973, 1984, 1995; Geissert, 1972; Gregor, 1978) and
some specimens with internal anatomical structure (Cevallos-
Ferriz & Stockey, 1991; Manchester, 1994).

Leaves assignable to Prunus are a significant component
of the latest early Eocene Okanogan Highlands floras of north-
castern Washington state (Republic) and related floras of Brit-
ish Columbia, Canada (Wehr & Hopkins, 1994; DeVore & Pigg,
2007). Flowers of Prunus and Oemleria are currently under
study from the Republic flora as well (Benedict & al., 2008).

Fossil wood referred to Prunus has been reported from the
Eocene to Miocene of the Northern Hemisphere (Wheeler & al.,
1978; Guleria & al., 1983; Suzuki, 1984; Takahashi & Suzuki,
1988; Cevallos-Ferriz & Stockey, 1990; Wheeler & Manchester,
2002). However, to data the wood of Prunus from the Oligocene
of Japan (Suzuki, 1984) represents the first record of Prunus
in Asia, and the earliest occurrence of endocarps in Asia was
reported from the Late Miocene of Japan (Tanai & Onoe, 1961).
Surprisingly, no fossils of Prunus were found in Asia until the
Oligocene although the diversity center of extant Prunus is
located in Eastern Asia, particularly in the Sino-Himalayan
floristic region (Mai, 1984).

Here we provide evidence for the recognition of the extant
genus Prunus in the early Eocene of East China. The new
specimens are endocarps collected from the Wutu Coal Mine
in the Wutu Basin of the Shandong Province. This important
fossil locality, which also yielded seeds of Nuphar (Nympha-
eaceae) (Chen & al., 2004), is mainly known for its mammal
fauna that has allowed to assign an early Eocene age to the
Wutu Formation (Tong & Wang, 1998). Although Beard &
Dawson (1999) even proposed a late Paleocene age for the
Formation based on the presence of some primitive mammals
with North American affinities such as the neoplagiaulacid
multituberculate Mesodmops dawsonae and the carpolestid
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plesiadapiform Carpocristes oriens, it is now widely accepted Stratigraphy
to be of early Eocene age. This is based on the microevolu-
tion of seed-eating carpolestid mammals (Bloch & al., 2001) e
and is confirmed by a diversified mammal association (51
species) mainly including derived taxa belonging to modern
orders such as the hyaenodontid creodont Preonictis youngi,
the miacid carnivoran Zodiocyon zetesios, the perissodactyls
Pappomoropus taishanensis, Chowliia laoshanensis and Ho-
mogalax wutuensis, and the artiodactyl Wutuhyus primiveris
(Tong & Wang, 2006). Moreover, the discovery of the neop-
lagiaulacid Mesodmops tenuis and the carpolestid Subengius
mengi in the late Paleocene of Inner Mongolia has shown that
the two families dispersed from North America to Asia long
before the mammalian migration waves of the Paleocene/
Eocene boundary (Smith & al., 2004; Missiaen & Smith, lensoid limestone
2008) and are thus relict families in Wutu.

In the present paper, we describe endocarps of Prunus
wutuensis sp. nov. from Wutu and compare them with fos-
sil and extant species. The new fossils represent the earliest
record of Prunus in Asia. Based on fossil record of Prunus
endocarps, the distribution of the genus in time and space is
shown on a series of paleobiogeographic maps of the North-
ern Hemisphere.
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Hl MATERIALS AND METHODS
The endocarps of Prunus described here were collected e
from the surface tailings of the Wutu Coal Mine near the
town of Wutu, Linqu County, Shandong Province, China, in
2008 and 2009. The Wutu Formation, which is reaching about
1000 m in thickness, was established by Geological Team No.
121, Shandong Coal and Geology Exploration Bureau in 1960,
and consists of several members that are from bottom to top
(Zhao, 1981): the lower coal-bearing member, the oil shale
member, the middle coal-bearing member (containing twelve
coal beds), and the upper coal-bearing member (Fig. 1).

The fossils were embedded in black shale (Fig. 2) at the
contact of coal beds 5 and 7 from the middle coal-bearing
member at about 250 m below the ground (Fig. 1). The 50
specimens collected are fragile compressions, some of which
are deformed (Figs. 5-7). They were exposed from the matrix
by “dégagement” (Leclercq, 1960) under a Nikon SMZ1000
stereomicroscope and photographed by a Canon DS8101 cam- sandstone
era and a FEI Quanta-200 ESEM. The terminology used to
describe the endocarps follows Mai (1984) and Manchester
(1994).

The palaeocoordinates were converted from extant coor-
dinates of fossil sites using “PointTracker for Windows” soft-
ware, and plotted on 5 individual palacogeographical maps
on Projections of Lambert Equal-Area Azimuthal (North
Pole) by using ArcView GIS v.3.2 software. The maps cover
5 time intervals, i.e., the Paleocene/Eocene (ca. 55 Ma), the
Oligocene (ca. 30 Ma), the Miocene (ca. 14 Ma) modified
from Scotese (1997), Smith & al. (2004) and LePage & al.
(2005), the Pliocene (ca. 3 Ma) and the Pleistocene (ca. | Ma) Fig. 1. A general stratigraphic column of Wutu Formation, indicating
from ArcView GIS software. where the fossils were found. B1-B15 stand for coal seams.
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B DESCRIPTION OF THE NEW SPECIES

Order: Rosales

Family: Rosaceae

Subfamily: Prunoideae Focke
Genus: Prunus Linnaeus, 1753

Prunus wutuensis Y. Li, T. Smith, C.J. Liu, N. Awasthi,
J. Yang, Y.F. Wang & C.S. Li, sp. nov.
Species diagnosis. — Endocarps elliptical or ovoid, 8.5—
12.0 mm long, 7.0-11.5 mm wide, and 2.5-3.0 mm thick. Each
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endocarp bearing a broad ventral keel, a round and obtuse apex
and a round base. Endocarp surface smooth. A ventral vascular
bundle approaching endocarp apex.

Type stratum. — The middle coal-bearing member of the
Wautu Formation, early Eocene in age.

Type locality. — Wutu Coal Mine, Linqu County, Shandong
Province, China.

Holotype. — Stratum and locality as above, Cheng-Sen Li,
Jian Yang, Ya Li, Qian-Qian Zhang & Bin Sun, August 2009,
Institute of Botany, Chinese Academy of Sciences, Beijing
(IBCAS) No. 2009E002.

Figs. 2-13. Endocarps of Prunus. 2, Black shale with eight Prunus endocarps partially exposed on the surface; specimen No. ibcas2009E001;
scale bar =2 cm. 3, An elliptical Prunus endocarp in lateral view, with ventral keel to the right; specimen No. ibcas2009E002; scale bar = 5 mm.
4, An ovoid Prunus endocarp in lateral view; specimen No. ibcas2009E003; scale bar = 5 mm. 5, A laterally compressed Prunus endocarp;
specimen No. ibcas2009E004; scale bar =5 mm. 6, A compressed Prunus endocarp in basal view, showing two ridges in the plane of symmetry;
specimen No. ibcas2009E005; scale bar = 5 mm. 7, A compressed Prunus endocarp in apical view, showing two ridges in the plane of symmetry;
specimen No. ibcas2009E006; scale bar = 5 mm. 8-9, A Prunus endocarp separated into two halves: part (Fig. 8) and counterpart with locule
cast (Fig. 9); specimen No. ibcas2009E007a, b; scale bar = 5 mm. 10, Longitudinal section of an endocarp showing the ventral vascular bundle
canal (indicated by arrow); specimen No. ibcas2009E008; scale bar = 5 mm. 11, Longitudinal section of another endocarp showing the ventral
vascular bundle canal (indicated by arrow); specimen No. ibcas2009E009; scale bar = 5 mm. 12, An extant endocarp of Prunus avium (L.) L.
showing smooth surface and a ventral keel in the right (http:/plants.usda.gov/java/largelmage?imagelD=prav_002_ahp.tif); scale bar = 5 mm.

13, Longitudinal section of an endocarp of extant Prunus yedoensis Matsum. showing the ventral vascular bundle canal (indicated by arrow)

approaching apex and subapical placenta; scale bar = 5 mm.
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Description. — The fruits are unilocular, single-seeded
drupes. Endocarps are flattened, elliptical or ovoid in lateral
view, bilaterally symmetrical, 8.5-12.0 mm (average 10.4 mm)
long, 7.0-11.5 mm (average 9.0 mm) wide, and 2.5-3.0 mm
thick in the compressions. Each of them possesses a broad
ventral keel, a round and obtuse apex, as well as a round base.
Endocarp outer surface is smooth (Figs. 3—4). Laterally com-
pressed endocarps are flat (Fig. 5). Apically or basally com-
pressed endocarps show two distinct ridges along the suture
(Figs. 6 and 7). The endocarp sometimes dehisces into two
equal halves along the suture (Figs. 8 and 9). Endocarp inner

14 15

Fig. 14-15. Illustration of endocarps of Prunus from Wutu showing
vascular bundle canals and possible placentas. D, dorsal suture; P,
placenta; V, ventral suture. Scale bars =5 mm.
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surface is smooth or with radial striation (Figs. 8 and 10). Loc-
ule casts are broad ovoid in lateral view, smooth or striated,
with acute apex, and acute or round base, 7.3-9.3 mm long,
5.5-8.6 mm wide (Figs. 9 and 11). A curved canal originally
hosting the ventral vascular bundle approaches the apex of the
endocarp (Figs. 10, 11, 14 and 15).
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Fig.16. Prunus persica, peach: longitudinal section through an endo-
carp showing vascular bundle canal and “hanging” seed, modified
from Young & Young (1992: 279). Scale bar = 10 mm.
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Figs.17-22. The ESEM of endocarps of Prunus. 17, Transverse sections of endocarps of Prunus from Wutu; scale bar =200 um. 18, Enlargement
of Fig. 17, showing details of sclereids; scale bar = 50 um. 19, Enlargement of Fig. 18, showing details of sclereid secondary walls; scale bar =
20 um. 20, Transverse sections of endocarps of Prunus yedoensis; scale bar = 200 pm. 21, Enlargement of Fig. 20, showing details of sclereids;
scale bar =40 um. 22, Enlargement of Fig. 21, showing details of sclereid secondary walls; scale bar =20 um.
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Fig. 23. Maps showing distribution of Prunus endocarps through the Cenozoic marked as black squares.
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Table 1. Comparison of fossil species of Prunus.

TAXON 60 (2)  April 2011: 555-564

Prunus from Wutu

Prunus sp. (type 1)

Prunus sp. (type 2)

Endocarps:
Apex
Base
Ventral side
Outer surface
Length (mm)
Width (mm)
Thickness (mm)
Wall thickness (mm)

Canal of vascular bundle

Obtuse, round
Round

A broad keel
Smooth
8.5-12.0
7.0-11.5
Ca.2.5-3.0
Ca.0.3-1.5

Present

Irregular
12
5

Irregular
Ca. 9
Ca. 6

Locality Shandong, China British Columbia, Canada British Columbia, Canada
Age Early Eocene Middle Eocene Middle Eocene
Reference This article Cevallos—Ferriz & Stockey, 1991 Cevallos—Ferriz & Stockey, 1991
P. praecommunis P. nerchauensis P, scharfii
Endocarps:
Apex Acuminate Acuminate, obtuse Acute or obtuse
Base - Acuminate, obtuse Round
Ventral side A broad keel Akeel A broad keel
Outer surface Smooth - Smooth
Length (mm) 33 4-7 12-18
Width (mm) 24 3.5-55 8-16
Thickness (mm) - - -
Wall thickness (mm) - - —
Canal of vascular bundle - - Present
Locality Czech Republic Germany Germany
Age Oligocene Middle Oligocene Oligocene to Miocene
Reference Mai, 1984 Mai, 1984 Mai, 1984; Gregor, 1978
P. insititia var. pliocaenica P. aviiformis P, girardii
Endocarps:
Apex Tapering Obtuse Round
Base Tapering Round Tapering
Ventral side A broad keel, grooved A broad keel A broad keel, grooved
Outer surface Shallowly pitted - Weakly wrinkled
Length (mm) 10-20 7.5-11.5 6-10
Width (mm) 6-12 7-9.5 4.5-7.5
Thickness (mm) 6 - -
Wall thickness (mm) - - -
Canal of vascular bundle Present - Present
Locality Germany, France Germany France, Poland
Age Pliocene Pliocene Pliocene
Reference Madler, 1939; Mai, 1984 Madler, 1939 Kirchheimer, 1949; Geissert,

1972; Szafer, 1954
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Prunus sp. (type 3) P, olsonii P, weinsteinii P. moselensis

- Acute Pointed Acuminate

- Round to truncate Round Acuminate

- An apical keel A broad keel A broad keel
Irregular - Rugulate -

- 6.6-6.8 10.4 8

Ca.7 53-59 8.6 6.5

Ca. 4 45-53 6.2 4.6

- 0.35-0.65 0.8-1.2 -

- - - Present

British Columbia, Canada Oregon, U.S.A. Oregon, U.S.A. Zwickau, Germany
Middle Eocene Middle Eocene Middle Eocene Middle Eocene
Cevallos—Ferriz & Stockey, Manchester, 1994 Manchester, 1994 Mai, 1984

1991

P. stipitata P. leporimontana P. protossiori P. crassa
Acuminate Acuminate Obtuse Obtuse

Stipitate Round Cordate Round

A broad keel A keel - A broad keel
Wrinkled - Tuberculate Smooth

8 5-8 12.6 15.6-16.4

5 4-7 9.3 12.8-13.4

- - - 11.4

Present Present - Present
Germany, Russia Germany, Poland Japan Germany, Poland

Oligocene to Pliocene

Reid & Reid 1915;
Dorofeev, 1963

Miocene

Kirchheimer, 1942, 1957,
Mai, 1964; Szafer, 1961;

Gregor, 1978

Late Miocene
Tanai & Onoe, 1961

Miocene to Pliocene

Mai, 1973, 1984;
Kirchheimer, 1936;

P. tenerirugosa

P. cf. sibirica

P. cf. triloba

P. haussknechti

P. cf. serrulata

Obtuse
Round

A broad keel
Wrinkled
4-6

3.5-55

Present

France, Poland, Netherlands

Pliocene

Reid & Reid, 1910, 1915;

Mai, 1984

Acuminate or round
Acuminate

A broad keel, grooved
13.5

12

Present
Hydgo, Japan
Pliocene
Miki, 1936

Acuminate or round
Obtuse

A broad keel, grooved
10-11

9-10

Hydgo, Japan
Pliocene

Miki, 1936

Round

Round

A broad keel, grooved
11.6-14.0

12

Present
Iwate, Japan
Pliocene
Miki, 1938

Obtuse
Obtuse
A keel

6.5-7.5
4345
4

Tokyo, Japan
Pliocene
Miki, 1938
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The endocarp wall consists of successive layers of sclereids
and is compressed (Figs. 17-19), with a thickness of 1.0—-1.5 mm
(average 1.4 mm) along the suture and 0.4—0.6 mm in the rest.
The endocarp wall at the ventral suture has the same thickness
as that at the dorsal suture (Figs. 8—11). The secondary walls
of sclereids are composed of parallel layers (Figs. 18 and 19).

H DISCUSSION

Carpological comparisons. — The fossil record of prunoid
endocarps has been reviewed by Mai (1984), who provided a
key of carpological characteristics of the five genera of Pruno-
ideae, based on the characters of extant and fossil endocarps.
According to this key, the prunoid taxon from Wutu does not
belong to the genera Pygeum, Maddenia, Oemleria, and Prin-
sepia, but is similar to Prunus.

The endocarps from Wutu are characterized by: (1) uni-
locular, single-seeded drupes; (2) elliptical or ovate shape; (3)
development of a ventral keel; (4) a curved vascular bundle
canal approaching the apex (Figs. 10, 11, 14, 15); and (5) scler-
eids in the endocarp wall. These characters are common to the
genus Prunus (Figs. 12, 13, 16, 20-22).

At the subgeneric level, Prunus from Wutu differs from
P. subg. Amygdalus in having a smooth surface of the endo-
carp while the latter has a wrinkled, often deeply furrowed
and pitted surface of the endocarp (Mai, 1984). It also differs
from P. subg. Padus in the vascular bundle canal that remains
much beyond the half of endocarp length while the latter has
a vascular bundle canal reaching up to the half of endocarp
length (Mai, 1984).

Among extant Prunus, endocarps of twenty-five species
have been described and figured by Bojnansky & FargaSova
(2007: 279-284), and photographs of endocarps of thirty-seven
species are available from the plants database of the Natural
Resources Conservation Services, United States Department
of Agriculture (http:/plants.usda.gov/java/nameSearch). Endo-
carps from Wutu match those of Prunus avium (L.) L. (P. subg.
Cerasus) (Fig. 12) in their overall shape, smooth surface and
length. The secondary walls of the sclereids in the fossils con-
sist of layers, which are similar to those found in the extant
Prunus yedoensis Matsum (Figs. 21 and 22).

Five species of Prunus from the Eocene of North America
(Cevallos-Ferriz & Stockey, 1991; Manchester, 1994), twenty-
three (seventeen fossil species and six extant species) from the
Eocene to Pleistocene of Europe (Mai, 1984), and five from the
Late Miocene to Pliocene of East Asia (Miki, 1936, 1938; Tanai
& Onoe, 1961) have been recorded as endocarps. Based on
endocarp morphology, Mai (1984) confirmed the identification
of the twenty-three species of Prunus from Europe and referred
them to four subgenera. However, the subgeneric classification
could not be confirmed with certainty by the carpological data.
As mentioned above, the Prunus material from Wutu is differ-
ent from P. subg. Amygdalus and subg. Padus. We therefore
restricted our comparisons to the eleven fossil species of the
P. subg. Prunus and subg. Cerasus from Europe and the ten
fossil species from North America and Asia (Table 1).
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Among the fossil specimens, only Prunus sp. from Wutu,
P. moselensis Mai, P. scharfii Gregor, P. stipitata Reid & Reid,
P. leporimontana Mai, P. crassa (Ludwig) Schimper, P. insiti-
tia var. pliocaenica Madler, P. girardii Kirchheimer, P. tener-
irugosa Mai, P. cf. sibirica Miki and P. haussknechti Miki
show the canal in the vascular bundle which is a key character
of Prunus (Mai, 1984). In the other species the presence of
a vascular bundle canal cannot be ascertained. We therefore
further restrict the comparison of the new specimen from Wutu
with the fossil endocarps having a vascular bundle canal.

It appears that the endocarps from Wutu differ from
P. insititia var. pliocaenica, P. girardii, P. cf. sibirica and
P. haussknechti by lacking a grooved ventral side, from
P. moselensis, P. stipitata and P. leporimontana by the apex be-
ing obtuse to rounded rather than acuminate, and from P. fener-
irugosa by the surface being smooth rather than wrinkled. In
endocarp shape and surface, our specimens are more similar
to those of P. scharfii and P. crassa but the new ones are 8.5
—12 mm long, while the latter two are larger, 12—18 mm resp.
15.6 —16.4 mm in length. It thus appears that the new specimens
cannot be assigned to any known fossil species of Prunus and
are therefore described as a new species, Prunus wutuensis.
The endocarps of P. wutuensis represent the oldest endocarps
of the genus Prunus in Asia.

Phytogeographical implications. — Based on hybrid-
ization experiments, Watkins (1976) speculated that Prunus
originated in Central Asia and dispersed later into the rest of
Eurasia and the New World. The analysis of combined ITS and
trnL-trnF indicated that Prunus originated in Eurasia (Bortiri
& al., 2001). However, these two types of studies have not been
supported by fossil evidence. The fossil record of endocarps
and wood suggests that Prunus first appeared in the early Eo-
cene of North America and Asia, then extended to Europe in
the middle Eocene, and flourished luxuriantly during Miocene
and Pliocene in Eurasia (Fig. 23; Table 1) (Wheeler & al., 1978).

According to a calibrated molecular tree, Prunus diverged
from its sister clade Maloideae s.1. at least 44.3 Ma ago during
the middle Eocene (Oh & Potter, 2005). The time of divergence
may have been even earlier based on fossil endocarps and wood
from the early Eocene (Wheeler & al., 1978; this paper).

Rosaceae underwent a tremendous diversification during
the Eocene (Wolfe, 1987; Stockey & Wehr, 1996), once the con-
ditions for the development of broad-leaved deciduous forests
were established (Wolfe, 1987). According to the palynological
data from the Wutu Formation, temperate broad-leaved decidu-
ous plants, such as Betula, Alnus, Ulmus, Quercus dominated
the vegetation, and tropical to subtropical elements like Lig-
uidambar, Myrtaceae and gymnosperm were less abundant
(Wang, 2003; Wang & al., 2005).
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