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ABSTRACT
Grasses (Poaceae) are human’s most important crop plants and among the most important extant clades of
vascular plants. However, the origin and early evolution of grasses are controversial, with estimated ages
frommolecular dating ranging between 59 and 129Ma (million years ago). Here we report the discovery of
basalmost grasses from the late Early Cretaceous (Albian, 113-101Ma) of China based on microfossils
(silicified epidermal pieces and phytoliths) extracted from a special structure along the dentition of a basal
hadrosauroid (duck-billed dinosaur).Thus, this discovery represents the earliest known grass fossils, and is
congruent with previous estimations on grass origin and early evolution calibrated by oldest known fossil
grasses, highlighting the role of fossils in molecular dating.This discovery also indicates deep-diverging
grasses probably gained broad distribution across both Laurasian and Gondwanan continents during the
Barremian (129-125Ma).
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INTRODUCTION
Grasses (Poaceae or Gramineae) include human’s
most important crop plants (e.g. rice, corn, ce-
reals). They are among the most important ex-
tant clades of vascular plants, inhabit all major
landmasses, occupy warm and cold deserts to
rainforests and range from herbs to the tree-like
bamboos [1]. Recent molecular and morphological
studies place the∼12 000 extant species into 12 sub-
families and, among them, the APP group (includ-
ingAnomochlooideae, Pharoideae andPuelioideae)
forms the earliest diverging lineages leading to the
split between the BOP (including Bambusoideae,
Oryzoideae and Pooideae) and the PACMAD (in-
cluding Panicoideae, Aristidoideae, Arundinoideae,
Micraioideae, Danthonioideae and Chloridoideae)
clades [2]. However, the origin and early evolu-
tion of grasses are uncertain, with estimated ages
ranging from 59 to 129 Ma [3,4]. The accuracy of
molecular-dating methods depends on both an ad-
equate underlying model and the appropriate im-
plementation of fossil evidence as calibration points
[5]. Currently known earliest grass fossils are rare,
and limited to theMaastrichtian (72–66Ma)macro-
fossils, pollens and phytoliths from India [6] and the

Cenomanian (101–94 Ma) spikelet and phytoliths
contained in Myanmar ambers [7–9]. Implement-
ing these Late Cretaceous grass fossils as calibration
points, the divergence times are estimated to be 74–
82 Ma for the core grasses (the BOP+PACMAD
clade) [5], 99 Ma for the spikelet clade (grasses ex-
cept for the basalmost lineage Anomochlooideae)
[10] and 129 Ma for the root of grasses [4]. In or-
der to test these results and further inquire into the
origin and early evolution of grasses, we use silici-
fied epidermal pieces and phytoliths as tools to trace
the evolution of early grasses. Moreover, these mi-
crofossils are extracted from a basal hadrosauroid
dinosaur (Equijubus normani) recovered in the late
Early Cretaceous (Albian, 113–101 Ma) Zhong-
gou Formation of Gongpoquan Basin, Mazongshan
area, Gansu Province in north-western China [11]
(Fig. 1), therefore potentially revealing the earliest
history of grasses and the dietary structure of duck-
billed dinosaurs.

Silicified epidermal pieces and phytoliths have
helped to close vast gaps in the fossil record of
grasses, due to their strong resistance to decay es-
pecially in the well-oxidized sediment types that
are often devoid of pollen and macrofossils [1,12].
They are also taxonomically diagnostic [13] and
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Figure 1. Basal hadrosauroid Equijubus normani. (a) Cranium in right lateral view. (b) Right dentition with needle pointing to
where samples were taken. (c) Close-up of two maxillary teeth showing the special structure covering the basal portion of
the enamel surface. Note the special structure is light dark with yellowish sedimentary matrix on it and the matrix has been
largely removed during previous preparation. (d, e) Locations of Equijubus normani in 110 Ma and present. (d) is downloaded
from www.odsn.de. (f) Age of Equijubus.

provide powerful tools for taxonomy andphylogeny.
This is especially helpful for grasses because their
pollen morphology is uniform and their macrofos-
sils are rare. ElectronicMicroprobe analysis was per-
formed for samples from both this special structure
and the sedimentarymatrix around it (see ‘Methods’
section).

RESULTS
Silicified epidermal pieces and
phytoliths analysis
Two pieces of silicified epidermis were extracted
from the special structure. One piece preserves four
rows of epidermal cells in surface view (Fig. 2a).The
upper row preserves a single short cell intervening
long cells, the second row preserves two low-domed
stomata intervening long cells, the third row shows a
short-cell pair intervening long cells and the bottom
row preserves one stoma and a partial long cell. The
other piece preserves a short-cell pair intervening
two partial long cells in a row, and another two par-
tial long cells bounding them respectively on both
sides (Fig. 2b). The single short cell is not lobed,
defining a pentangle boundary with a large circu-
lar spot inside. In the short-cell pairs, one is much
smaller than the other, and the large cell shows a
crescent shape,with its concavemargin receiving the
small elliptical one. Three isolated slightly bilobate
phytoliths (Fig. 2c, g and h) were extracted. Two of
them (Fig. 2c, g) possess slightly convex ends, while

the third one (Fig. 2h) has flat ends and more con-
strained lateral sides. Another 10 variously shaped
isolated phytoliths were also extracted (see Supple-
mentary Figs S2 and S3 (see online supplementary
material)).

EMP (Electronic Microprobe) analysis
EMP analysis shows a similar composition of two
samples (N2 and N3) from the special structure of
twomaxillary teeth, but with striking contrast to that
from the sedimentary matrix (N1) (see ‘Methods’
section).N2andN3possess high values of P2O5 and
CaO, as well as BaO, while N1 is composed of mus-
covite (N1-2), hornblende (N1-3) and others, indi-
cating its tuff origin. In both N2 and N3, CaO and
P2O5 values are more than 51% and 36%, respec-
tively, while those in N1 are less than 7% and 0.7%,
respectively (Table 1). This result highly indicates
a biological-related process for the formation of the
special structure.

DISCUSSION
Dinosaur teeth typically consist of three hard parts:
dentine, enamel and cementum. Recent study
shows that, in hadrosauroids, cementum never
covers the enamel but meet each other at the apex
of each tooth, with cementummainly on the lingual
surfaces of the maxillary tooth [14]; therefore, the
special structure cannot be a portion of the ce-
mentum. Besides, in our specimen, this special

http://www.odsn.de


RESEARCH ARTICLE Wu et al. 723

(a) (b)

(c) (d)

(e)(g)(h) (f)

20 µm

ST

SC

SCP

ST

LC

LC

LC

SCP

Figure 2. Silicified epidermal pieces and phytoliths extracted from the special structure of the Early Cretaceous (Albian)
hadrosauroid dinosaur (Equijubus normani). (a, b) Silicified epidermal pieces. (c-h) Three slightly bilobate phytoliths with (c–f)
representing one phytolith in four different views. LC, long cell; SC, short cell; SCP, short-cell pair; ST, stoma.

Table 1. Results of ElectronicMicroprobe analysis showingmineral compositions of the special structure and the sedimentary
matrix around it.

F Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO FeO CoO SrO BaO Total

N1-1 0.40 6.78 16.01 39.78 0.33 0.29 3.54 3.71 1.11 0.32 7.19 0.09 0.55 80.10
N1-2 0.39 6.37 14.00 37.38 0.02 8.12 0.17 4.01 0.20 24.18 0.11 0.19 95.14
N1-3 1.01 9.14 16.84 42.91 0.70 0.21 2.13 7.02 0.56 0.47 8.58 0.20 0.49 90.26
N2-1 1.08 0.31 0.03 0.06 0.08 35.32 0.19 1.29 0.08 1.35 60.90 100.69
N2-2 4.48 2.67 0.55 0.37 36.61 2.08 52.82 0.03 1.95 0.21 101.77
N2-3 4.67 0.89 0.51 0.04 0.44 37.22 1.81 54.00 0.07 0.06 0.17 1.76 101.64
N3-1 1.35 0.16 0.09 35.97 1.20 0.13 0.40 61.82 101.12
N3-2 4.72 0.80 0.47 0.15 0.47 36.09 2.11 51.43 0.08 1.38 0.04 1.73 0.11 99.58
N3-3 0.21 0.26 0.66 0.45 1.08 0.14 0.05 53.25 1.77 0.53 0.00 0.05 58.45

N1 is from sedimentarymatrix; N2 is from the special structure of covering a posteriormaxillary tooth;N3 is from the special structure of covering amiddle
maxillary tooth (wt%).

structure is only known in one other basal
hadrosauroid among dinosaurs (Institute of
Vertebrate Paleontology and Paleoanthropology,
Chinese Academy of Sciences: IVPP V22529, an
unnamed isolated partial rightmaxilla from theEarly
Cretaceous of Nei Mongol, China) [15]. Under
laser-stimulated fluorescence analysis, this special
structure in IVPP V22529 shows similar green fluo-
rescence colors to maxillary bone and dentine, but
different from the orange color of the enamel, and is
labeled as a cementum ‘jacket’ that wraps the base of
the tooth crown, although its identification as either

cementum or ossified ligament cannot be supported
[15]. The special structure may be similar to dental
calculus (tartar, or calcified dental plaque)—a
complex, mineralized bacterial biofilm formed on
the surfaces of teeth. Its mineral composition is
similar to that of bone and dentine, and is composed
of multiple calcium phosphates. During the process
of biomineral maturation, a few dietary microfos-
sils, such as phytoliths and starch granules, could
become incorporated into dental calculus [16].
However, no dental calculus has been reported in
dinosaurs or even fossil reptiles to our knowledge,
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and the exact nature of the special structure needs to
be investigated further. Nevertheless, microfossils
extracted from this special structure were probably
obtained during the life of the animal.

The long–short dimorphic epidermal pattern-
ing is a unique feature shared by Poaceae and its
close relative Joinvilleaceae [13,17]. The two silici-
fied epidermal pieces clearly show the presence of
short cell intervening between long cells, demon-
strating its affinity with the Joinvilleaceae+Poaceae
clade. Furthermore, short-cell pairs first appear in
Anomochlooideae and are absent in grass relatives
including Joinvilleaceae, and their formation is con-
sidered as a synapomorphyofPoaceae [13], strongly
supporting the Poaceae affinity of these two pieces.

Unlobed, especially equidimensional-unlobed,
costal phytoliths likely represent the ancestral con-
dition in grasses [13]. Among the extant deep-
diverging APP groups, Anomochlooideae is the
basalmost family with two genera: Anomochloa and
Streptochaeta. In Anomochloa marantoides, unlobed
phytoliths exist in costal regions over the veins,
while crescentic phytoliths are present in one of a
pair of short cells in intercostal regions [13], re-
sembling the condition in our two pieces. Further-
more, equidimensional phytoliths are characteris-
tic for Anomochloa, which is also evidenced by the
short cell in one piece of our specimens (Fig. 2a).
However, in our specimens, the costal short cell is an
isolated one with a pentangle outline and one cell is
much smaller than the other in the short-cell pairs,
unlike the condition inAnomochloamarantoidespos-
sessing rowsof threeor four short cellswithorbicular
outlines in the costal regions and similar-sized short-
cell pairs [13]. Therefore, although potentially with
the closest relationshipwithAnomochloa among ex-
tent APP members, our specimens cannot be as-
signed to it.

Costal unlobed or bilobate phytoliths are ar-
ranged either transversely (in Streptochaeta and
Puelioideae except for Guaduella) or axially (in
Pharoideae) [13]. Unfortunately, it is impossible to
know the orientation of the three isolated slightly
lobed phytoliths (Fig. 2c, g and h). Molecular
analysis estimates the divergence times of extant
Anomochlooideae at 69 Ma and Pharoideae at 40
Ma [10]; therefore, the three isolated phytoliths
could not be assigned to any extant APP taxa, but
probably derived from stem members of them or
even more deep-diverging relatives of basalmost
grasses.

The existence of long-short epidermal pattern-
ing, short-cell pairs, equidimensional-unlobed and
slightly lobed phytoliths strongly indicates our spec-
imens are derived from crown group grasses. Be-
cause the shapes of the isolated phytoliths are differ-

ent from those in the two silicified epidermal pieces,
there are probably more than one taxa represented.
Here we emphasize the significance of the presence
of basalmost Poaceae rather than define the exact
taxonomy of these specimens and infer how derived
they are (Fig. 3).

The age of the Mazongshan grasses is late Early
Cretaceous (Albian), while that of the Indian grasses
is late Late Cretaceous (Maastrichtian). Because
Indo-Madagascar became separated from Antarc-
tica, and therefore all other continents, at approxi-
mately 119 Ma (the beginning of late Aptian) [18],
the ancestors of the Indian grasses must have ex-
isted there before late Aptian, and it is impossible
for its origin as migration from Asia after their con-
nection in Cenozoic. During early Aptian (125–119
Ma), land connection between Indo-Madagascar
and South America was possible via Antarctica and
Africa was still connected to South America un-
til their final separation during latest Albian; there-
fore, it was possible for Gondwanan grasses to
have a wide spread during this period. However,
Africa-Europe (therefore Gondwana-Laurasia) bi-
otic interchange was prevented from early Aptian
to at least Campanian and Maastrichtian [19],
indicating the common ancestor of Asian (Al-
bian Mazongshan and Cenomanian Myanmar) and
Gondwanan grasses must exist before early Ap-
tian. During the early part of the Early Cretaceous
(Berriasian–Barremian; 145–125 Ma), the Apulian
Route created a series of microplates lying between
northernAfrica and southernEurope at a timeof sea-
lever lowstand,making the land connectionbetween
Africa and Europe possible [19]; therefore, grasses
could have gained broad distribution in Gondwana
and Europe during this period. Considering the old-
est estimated age for the origin of grasses is 129
Ma [4] and the age of the basalmost Mazong-
shan grasses is Albian, a Barremian (129–125 Ma)
origin for grasses is reasonable. Interestingly, Asia
was isolated from Europe and all other continents
during late Berriasian–early Hauterivian (142–131
Ma) due to marine connection between the Boreal
and Tethys Oceans in the Russian Basin/Turgai re-
gion and reconnected to Europe during late Hau-
terivian to Aptian (131–113) [19,20], suggesting
grasses could have originated and gained broad
distribution during Barremian. Despite their birth-
place, deep-diverging grasses could have quickly
gainedworldwidedistributionduringBarremian, ex-
cept for North America, which was isolated during
Barremian–early Aptian but connected to Asia dur-
ing the rest of the Early Cretaceous.

Equijubus is a basal member of Hadrosauroidea,
the dominant herbivorous vertebrate clade in
many Cretaceous ecosystems. The success of this
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Figure 3. Phylogenetic position of silicified epidermal and phytolith-based taxa from the late Early Cretaceous (Albian) of the Mazongshan area in
north-west China, highlighting its basalmost Poaceae status. Cladogram is modified from [2,3].

high-fiber herbivore clade is generally attributed
to their sophisticated cranial and dental adapta-
tions that rivaled those of living mammals. These
adaptations include batteries of interlocking teeth,
high tooth-replacement rates and complex jaw
mechanisms involving a unique form of intracranial
flexibility (pleurokinesis) [21,22]. Recent work
shows in derived hadrosauroids, such as Edmon-
tosaurus, that the teeth are composed of complicated
tissue types [23], and scratched microwear fabrics
dominated the wear facets of the functional surfaces
of teeth, suggesting that Edmontosauruswas a grazer
[24]. However, with very little evidence of the earli-
est grasses in the latest Cretaceous, grasses have not
been considered as part of hadrosauroid diets [24].
The existence of grass epidermis and phytoliths in
the special structure along the dentition ofEquijubus
strongly indicates basal grasses were in its diet; this
opens up the possibility that grasses may have been
in the diet of some other duck-billed dinosaurs as
well.

The coevolution of dinosaurs and angiosperms
has long been proposed, postulating a shift from
Late Jurassic canopy-browsing (sauropods) to Early
Cretaceous ground-level-feeding (ornithischians,

including hadrosauroids) closely tracking the newly
appearing angiosperms [25]. However, this idea is
treated as an ‘elegant thought experiment’ due to
lack of supporting fossil evidence [26]. The prevail-
ing thought is that angiosperms originated in the
Early Cretaceous and did not become ecologically
abundant andwere probably notmajor components
of dinosaur diet until the early Late Cretaceous,
which implies a significant time lag of more than 10
million years [26]. Our discovery shows that basal
grasseswere at least food sources of hadrosauroids in
theAlbian. Recentmolecular dating predicted a pro-
nounced increase in the emergence of angiosperm
orders that include phytolith-rich taxa during the
Albian [3,27], and the nine various-shaped phy-
tolith morphotypes extracted from the same spe-
cial structure (see Supplementary Fig. S3 (see on-
line supplementary material)) may be derived from
some of these deep-diverging members of basal an-
giosperms, basal monocots or basal eudicots. How-
ever, a clear timeframe for events of active silica accu-
mulation in plants still needs to be investigated [28].
Palynological analysis at the same geological level
close to the Equijubus quarry indicates angiosperms
composed 4% of the palynoflora and, among them,
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Magnolipollis occupied about 75% [29]. Magnoli-
idae is rich in containingphytoliths [28,30], but their
phytoliths are not extracted from the special struc-
ture, although this could not preclude their inclusion
in Equijubus’s diet. Our discovery suggests grasses
and other phytolith-bearing plants were likely a part
of its diet. Newly evolving basal grasses and other
angiosperms possibly provided food sources for nu-
merous newly evolving animals, especially insects
and birds during the beginning of the Cretaceous
Terrestrial Revolution, whichmarked a crucial turn-
ing point in the history of life on Earth, when life on
land became more diverse than life in the sea and
the origins of many organisms with which we are
familiar today (flowering plants, pollinating insects,
leaf-eating flies, lizards, snakes, crocodilians, basal
placental mammals, new birds, and the horned and
duck-billed dinosaurs) [31,32].

METHODS
Extraction process for samples
The phytoliths analysed in this paper are accessi-
ble from the authors’ affiliation (IVPP). Our sam-
plingprocesswasperformed in a small officewith the
door closed. Technicians from IVPP wore lab cloth-
ing, gloves and masks, and the drilling tools were
also cleaned up beforehand. Before extracting sam-
ples, the surface of the specimens was thoroughly
cleaned by blower and acetone (see Supplementary
Fig. S1a–d (see online supplementary material)).
Subsequently, we scraped the sedimentarymatrix on
the surface of the special structure and saved them
in a tube (see Supplementary Fig. S1e–h (see online
supplementarymaterial)). Following this, fresh sam-
ples of the special structure were taken and saved in
two tubes (one for phytolith analysis and the other
for EMP analysis). This process was applied on two
maxillary teeth: one in the middle and the other on
the posterior part of the dentition.

Extraction process for silicified
epidermis and phytolith
The process of silicified epidermis and phytolith ex-
traction followed the slightlymodifiedmethods out-
lined by several authors [33–38]. Approximately 3
grams of material was taken and dried ground into
powder. The dry residue was placed in 10% hy-
drochloric acid to remove carbonates, and then 30%
hydrogen peroxide was added to each sample to
remove organic matter. To concentrate phytoliths,
heavy liquid flotation was carried out using a ZnBr2
solution at a density of 2.3. Heavy liquid flotation
was repeated again to ensure concentrate phytoliths.

The residue was washed with distilled water by cen-
trifuging at 3000 rpm for 10 minutes. The residue
was performed through the examination in Canada
Balsam using a light microscope.

SEM–EDS analysis of characteristic
morphology
In addition to identifying all phytoliths in plain po-
larized light, which were found to have the physical
properties of opal phytoliths, SEM–EDS was used
to identify characteristic morphology in elements
present in the sample. All SEM–EDS values given
were taken from a JSM-6610 LA scanning electron
microscopewith EDS.The characteristic x-rays were
detected under 1.0 nA and the measuring time was
30–70 seconds. SEM -EDS analysis shows that the
main element present in the phytolith is silicon (Fig.
S3 (see online supplementary material)). Combin-
ing both optical and morphological characteristics,
it can be determined that phytoliths exist in the sam-
ples.

EMP (Electronic Microprobe) analysis
This quantitative analysis was conducted at the EMP
laboratory of China University of Geosciences (Bei-
jing), China, with both line and area analyses under
a 15-kV accelerating voltage, a 10-nA beam current
and a 1-μm beam size. Each of the three samples
was polished into a probe slide and observed under
an optical microscope in order to locate three target
areas for EMP analysis (Supplementary Figs S4–S7
(see online supplementary material)).
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