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Abstract

Members of the core pooids represent the most important crops in temperate zones including wheat, barley, and oats.
Their importance as crops is largely due to the grain, particularly the storage capabilities of the endosperm. In this
study, a comprehensive survey of grain morphology and endosperm organization in representatives of wild and culti-
vated species throughout the core pooids was performed. As sister to the core pooid tribes Poeae, Aveneae, Triticeae,
and Bromeae within the Pooideae subfamily, Brachypodium provides a taxonomically relevant reference point. Using
macroscopic, histological, and molecular analyses distinct patterns of grain tissue organization in these species,
focusing on the peripheral and modified aleurone, are described. The results indicate that aleurone organization is
correlated with conventional grain quality characters such as grain shape and starch content. In addition to morpho-
logical and organizational variation, expression patterns of candidate gene markers underpinning this variation were
examined. Features commonly associated with grains are largely defined by analyses on lineages within the Triticeae
and knowledge of grain structure may be skewed as a result of the focus on wheat and barley. Specifically, the data

suggest that the modified aleurone is largely restricted to species in the Triticeae tribe.
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Introduction

The grain (caryopsis) is a single-seeded fruit characteristic of
the grasses. It is a composite organ with three genetically dis-
tinct compartments, the pericarp and associated maternal tis-
sues, the embryo, and a prominent and persistent endosperm for
which cereal species have been domesticated. The endosperm
is rich in starch and protein and wheat grains remain one of the
main sources in human nutrition. The ability of endosperm to
store starch so proficiently is a character largely associated with
monocot orders including the Poales. The family Poaceae within
the Poales is synonymous with ‘The Grasses’ or ‘Grass Family’,
and contains important grain crops such as wheat, rice, maize,
and sorghum. Within the grass family, the Pooideae subfamily
has diversified in cooler climates and contains the cereals of
most value to the UK economy, wheat, barley, oats, and rye. In

addition, it includes genera of important forage grasses such as
Lolium (Hubbard, 1954), invasive weed genera such as Elymus
and Bromus, and species such as Brachypodium distachyon
that is a particularly amenable model with extensive genomic
tools (Alves et al., 2009; Bevan et al., 2010; Vogel et al., 2010;
Thole et al., 2010, Mur et al., 2011). Within the Pooideae, four
tribes are termed the core pooids, Poeae, Aveneae, Triticeae, and
Bromeae with the monogenic Brachypoideae as sister to these
groups (Catalan et al., 1997; Jacobs et al., 2000; Doring et al.,
2007; Vogel and Bragg, 2009).

Despite being a vital food source, grain development outside
the key cultivated crop species has been less well characterized
compared with other plant organs and relatively few regulatory
genes have been identified (Sabelli and Larkins, 2009). While
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much work has been done on the evolution and development of
such characters as inflorescence architecture in analyses across
the cereal phylogeny that extend into uncultivated and wild rela-
tives (Doebley et al., 1997; Vollbrecht et al., 2005; Preston and
Kellogg, 2007), less is known about the evolution of grain form
and function, particularly with regard to its tissue organization
and the ability of the endosperm to store rich reserves.

In cultivated cereals and most grasses, the endosperm is the
largest compartment in the grain. Endosperm development has
certain features that seem well conserved (in studies to date). For
example, early development progresses in the post-fertilization
phase via the division of the central cell-derived triploid nucleus,
whose descendants form a syncitial ring of nuclei around
the central vacuole that divide and cellularize in a concerted
sequence of anticlinal and periclinal cell divisions eventually to
fill the central vacuole (Olsen, 2001; Costa ef al., 2004; Wegel
et al., 2005; Gubatz et al., 2007). The endosperm subsequently
differentiates into functionally distinct subdomains, which can
include the aleurone, modified aleurone or transfer layer, central
starchy endosperm, and embryo-surrounding region endosperm.
Temporal and spatial development can vary depending on the
species and our studies also indicate that the number of subdo-
mains is not fixed.

Maternal tissue organization also varies, affecting the possible
routes by which sugars and amino acids are supplied to the devel-
oping endosperm. For example, the generally accepted conduit
for maternal nutritional supplies in wheat grains is through the
nucellar projection and modified aleurone (Wang et al., 1995;
Zheng and Wang, 2011). Rye and barley share basic organization
with wheat (Parker, 1981; Olsen et al., 1992). This differs in other
grains such as rice with two pathways involved in the transport
of nutrients within the developing caryopsis: one via a pathway
analogous to the nucellar projection pathway of wheat and the
other via the nucellar epidermis (Oparka and Gates, 1981). Rice
grains have a vascular system that extends the length of the grain
whereas the vascular tissue supplying the maize grain terminates
at the junction of funiculus and ovule (as in Arabidopsis). Maize,
in turn, has a pronounced transfer cell layer within the endosperm
i.e., the basal endosperm transfer layer or BETL (Gomez et al.,
2002; 2009; Costa et al., 2004). Rice lacks this basal layer of dif-
ferentiated cells within its endosperm tissue and may utilize an
alternative nucellar epidermis-mediated transport route, at least
until the nucellar epidermis becomes compressed later in devel-
opment. Even though different cereals have alternative transfer
cells with functional homology, these may not be genetically
homologous tissues in the evolutionary sense.

One of the key features in wheat domestication was the selec-
tion for larger and rounder grains (Glemin and Bataillon, 2009;
Gegas et al., 2010). To be able to answer the question as to
how a larger and rounder grain evolved, it is necessary to have
a detailed understanding of grain morphology and anatomy in
both cultivated and wild grasses. By identifying and character-
izing differences and similarities at the structural and molecular
levels, significant insights into the effects of domestication and
cultivation on the grain’s development will be gained. Here, a
comprehensive comparative survey of grain morphology and
organization in the temperate grasses is described, focusing on
the Pooideae subfamily and selected taxa therein (Fig. 1). The

new model, Brachypodium distachyon, is used as a taxonomi-
cally-relevant reference point for the ‘core pooids’ encompass-
ing wheat, barley, and oat. In addition, the Brachypodium genus
has recently been re-assessed phylogenetically to provide rele-
vant intra-genus candidates for comparison such as B. stacei and
B. hybridum (Catalan et al., 2012). Selected taxa compose both
crop and non-crop species and the features and criteria selected
for analyses and comparison are centred on aspects of grain mor-
phology relevant to their agronomic value and pertinent to their
post-harvest processing requirements (Evers and Millar, 2002).
This variation underpins the contrast between cultivated and non-
crop species and features that have implications in nutritional
profiles and post-harvest processing: crease, nucellar epidermis
and projection, modified aleurone, peripheral aleurone, and cen-
tral endosperm. The analyses reveal specific points of variation
in grain structure at various levels.

Materials and methods

Seed material

Seed material for the majority of the wild species was obtained through
specialist commercial seed suppliers (Herbiseed). For the cultivated and
some wild crop species, seeds were obtained through the John Innes
Centre germplasm resources centre. Seeds for B. hybridum and B. stacei
were kindly supplied by the Doonan Laboratory (JIC).

Grain preparation and physical measurements

Measurements of grain dimensions were collected from dehulled grains
(with the exception of the barley species where it was not practical to
remove the hull) using Clarke CM145 digital vernier callipers on 20
grain samples. Measurements for grain cross-sectional features were
taken from images of dry mature grains cut transversely at the central
point of the grain and observed using light microscopy as detailed below.
Very brittle, fragile, and powdery grains were sometimes cut within a
drop of 80% glycerol to reduce breakage. Sections prepared in this way
were covered with a cover slip to reduce glare and imaged immediately
to ensure features were not distorted by the uptake of moisture.

Light microscopy

External and macro-morphological analysis of grain features was per-
formed using a Motic SMZ-168 dissecting microscope equipped with
a Canon EOS 1000D digital camera. Images were collected using EOS
utility software 2.4.0.1 and Canon Digital Photo professional. Bright
and darkfield microscopy for observation and imaging of grain-stained
sections was performed using a GX optical L3200 compound micro-
scope equipped with a GT-vision GXCAM-5 5MP digital USB cam-
era and GXCAPTURE software. Image analysis and measurement was
performed using image-J software. For all cell size measurements the
longest axis of the cell was recorded.

Scanning electron microscopy

Mature dry grains were imbibed overnight in distilled water. Imbibed
grains were trimmed at the distal end to facilitate penetration of fixative
into the tissue and transferred to freshly prepared FAA fixative (for-
maldehyde 3.7%, acetic acid 5%, ethanol 50%) Grains were exposed
to three cycles of moderate vacuum (~500 mbar) to ensure penetration
of fixative and fixed overnight at 4 °C with agitation. Fixed grains were
transferred to 70% ethanol. Samples were dehydrated through a series
of 80%, 90%, and 100% ethanol with 12-24h in each before critical
point drying in a Bal-Tec 030 Critical Point Drier using CO, and fol-
lowing manufacturer’s instructions. Samples were coated in gold using
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Fig. 1. Selected taxa based on published phylogenies; schematic of grain cross-section, based on wheat, indicating grain features in

maternal and endosperm tissues analysed in this study.

a Polaron SC7640 Sputter Coater for 90 s at ~2.0kV. Samples were
analysed on a Hitachi S3000H scanning electron microscope equipped
with digital image capture.

Vital staining, iodine staining and toluidine blue staining

For tetrazolium chloride (TZ) staining, thin sections were made by hand
of living mature grains that had first been imbibed in distilled water
overnight. Sections were taken as thinly as possible from the central
point of the grain from three biological replicates. Freshly cut sections
were immersed in 1 ml of 0.5% TZ solution and incubated at 35 °C for
3—6h according to the intensity of staining. TZ solution was prepared
fresh and tested before use to ensure a pH of 6.5-7 (optimal staining
requires a close to neutral pH). Stained sections were mounted in 80%
glycerol and photographed immediately using dissecting and compound
microscopes. Evans Blue vital staining was performed as described pre-
viously (Young and Gallie, 1999; Opanowicz et al., 2011) with minor
modification. Freshly cut sections were immersed in a 0.1% Evans Blue
solution for 4min and then washed in several changes of distilled water
for 3 h with gentle agitation. Sections were mounted and photographed.
For iodine staining, very thin, freshly prepared sections were immersed
in 50% Lugol’s solution (Sigma L6146) for ~1 min, briefly and gently
washed in distilled water, and mounted in 80% glycerol. Histological
analysis with Toluidine Blue was performed using 14 pm thick trans-
verse central grain sections on glass slides that were fixed and sectioned
as described for mRNA in situ hybridization, the cleared of wax in histo-
clear II (National Diagnostics) baths with agitation before rehydration
through 100%, 70%, and 50% ethanol series (10min each). Slides
were immersed for 1 min in 0.05% Toluidine blue in 0.1 M phosphate
buffer, pH 6.8, and then rinsed through several changes of deionized

water. Slides were then allowed to air dry and permanently mounted in
Entellan (Merck).

RNA isolation and RT-PCR

Grain samples for three biological replicates were collected according
to grain size and distinct growth stages. For Brachypodium, the inflores-
cence stage comprises an entire spikelet prior to anthesis. Developing
grains were then collected at four stages; a ‘“young grain’ stage imme-
diately after anthesis (~1 DAA), an early ‘mid-length’ stage (where
grains are approximately halfway in proximal-distal development,
~5-6 DAA), a later developmental stage (as grains reached full proxi-
mal-distal development, correlating to ~8—10 DAA), and a fully devel-
oped stage (but before dessication, correlating to ~18-20 DAA). These
developmental stages follow that of Opanowicz ez al. (2011). For barley,
the variety Optic was used and samples correlate to similar grain size
stages. The inflorescence stage sample correlates to 2—-3 entire florets
from a central point in the spikelet collected at or very close to anthe-
sis. Mid—early stage grains were typically halfway in proximal—distal
development, whilst mid-late were fully developed in length but before
the endosperm had begun to fill out appreciably. The mMature grain
stage again comprised fully developed grains but prior to the onset of
desiccation. Genomic DNA was extracted from leaf material using the
Qiagen plant DNeasy mini kit. Total RNA was extracted using either
the Trizol reagent (Invitrogen) or, for the more starch-rich mature
grain tissue, the Spectrum plant total RNA extraction kit (Sigma) was
used as per the manufacturer’s instructions. Approximately 300ng of
DNase-treatded RNA was used in 10 pl cDNA synthesis reactions using
Bioscript™ Reverse Transcriptase (Bioline) using the poly(T) primer
5 GACTCGAGTCGACATCGA(T). PCR amplification was performed
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using 1 pl of cDNA template in 10 pl reactions with the following cycle:
94 °C for Smin, then 30 cycles of 94 °C for 30 s, 53 °C for 45 s, 72 °C
for 1 min followed by 72 °C for 6 m. Primers for gene expression com-
parisons in Brachypodium and barley are listed in Supplementary Table
S2 at JXB online. Control primers for the former were BAGAPF and
BAGAPR as described in Opanowicz et al. (2011). Barley control prim-
ers were HVUDIF 5’-ACTACAACATCCAGAAGGAG-3’ and HvUbiR
5’-TCGCGATAGGTAAAAGAGCAG-3".

mRNA in situ hybridization

Grains were imbibed and fixed as above and transferred to 70% ethanol
before automated fixation/dehydration/infiltration (Drea et al., 2005b).
All slide processing and subsequent hybridization steps follow that
described previously in Drea ef al. (2005b). Probes for wheat ISH were
as described in Drea et al. (2005a) with ID numbers 701993242 (PPDK;
peripheral aleurone), 702006333 (oxidoreductase; modified aleurone),
and 701994326 (gliadin; central endosperm).

Sequence analyses

Sequences were aligned using CLUSTAL X (Thompson ef al., 1997)
and alignments refined by hand using BioEdit (Hall, 1999). Accession
numbers for all sequences in alignments are list Supplementary Table
S3 at JXB online.

Results
Distinct grain shape profiles can be defined

Twenty-eight species spanning the core pooids and Brachypodium
comprising 12 genera were selected for analysis. On a very basic
level the grains were grouped on the basis of shape determined
by the ratios of simple size dimensions, length, width, and depth
(see Supplementary Fig. S1 at JXB online; Table 1). High-
yielding grains are marked by a round profile maximizing the
accumulation of reserves in a confined space (see Supplementary
Fig. S1 at JXB online; Fig. 2). However, within the Triticeae,
and specifically the wheat grain, while the rounded grains may

indicate a reserve-rich structure, the presence of a distinctive
crease is a barrier to efficient milling. Though all the grains
are curved around a vascular strand to form a crease, only the
wheats, barley, and oat have a closed crease where the lobes of
the grain make contact on the adaxial side of the grain.

Elymus repens, though also in the Triticeae, is exceptional in
the openness of its adaxial side (Fig. 2d). With regard to this adax-
ial flatness it closely resembles the grains of Lolium, Festuca, and
Dactylis in the Poeae (Fig. 2G). Within the Bromeae species,
there was a noticeable difference between the mollis and dian-
drus/sterilis species. The latter species had a more obvious lobed
profile reminiscent of the wheats, while mollis was starkly flat
with barely any appearance of a crease (Fig. 2B, 2C). In addi-
tion, the diandrus and sterilis species are distinctively longer than
mollis and, in fact, are longer than all the species examined (see
Supplementary Fig. S1 at JXB online). The nucellar epidermis is
persistent in Brachypodium and in Bromus genera only (Table 1).
In the other grains sampled the nucellar epidermis was greatly
reduced and compressed by maturity. A robust nucellar projection
seems to persist only in the grains with the closed crease struc-
ture, the Triticeae (except Elymus) and Avena in the Poeae.

Though most grains with a closed crease are correspondingly
round in shape, the narrow profile of diploid AA wheats such
as T wratu is a sharp contrast (Fig. 2J) to hexaploid wheats and
to the flat 7. speltoides (Fig. 2K). The narrow profile of uratu
results in a very deep crease. The hexaploid spelt wheat, though
round with a closed crease, has a narrow abaxial endosperm
bridge domain (indicated by an arrow in Fig. 2L) and therefore a
decidedly deep crease.

The organization of the aleurone layers varies

Our previous analyses revealed significant differences in
endosperm development and differentiation in Brachypodium
grain compared with wheat: for example, despite Brachypodium

Table 1. Summary of observed grain characters in mature selected species of Brachypodium and core pooids

Species Grain Crease Cavity? Persistent nucellar Peripheral aleurone- Modified aleurone Starch granule?®
profile epidermis? cell layers -vital stain®

Brachypodium distachyon  Flat Open n y 1-4 irregular y Simple

Brachypodium stacei Flat Open n y 1-4 irregular y nd

Bromus mollis Flat Open n % 1 y Simple

Bromus sterilis Flat Open lobed n y 3 y~ Simple

Elymus repens Flat Open n n 1 n~ Bimodal

Hordeum vulgare Round Closed y n 3 n Bimodal

Hordeum murineum Round Closed y n 1 nd Bimodal

Triticum aestivum Round Closed y n 1 n Bimodal

Triticum uratu Narrow  Closed y n 1 n Bimodal

Triticum speltoides Flat Closed y n 1 n~ Bimodal

Triticu tauschii Flat Closed % n 1 n Bimodal

Triticum dicoccoides Round Closed y n 1 n Bimodal

Avena sativa Round Closed y n 1 y Compound

Avena fatua Round Closed y n 1 y Compound

Lolium perenne Flat Open n n 1 y compound

Festuca pratensis Flat Open n n 1 irregular n~ Compound/ simple

@ nd, not determined; n, not present; y, present; al, aleurone; ~ typical TZ staining pattern.
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Fig. 2. Vital staining of grains from several genera with tetrazolium chloride (TZ). Scale bars 400 pm. Double-ended arrow indicates

bridge depth in spelt wheat.

being a member of the Pooideae, the aleurone layer is not region-
ally differentiated into distinct peripheral and modified aleurone
regions (Opanowicz et al., 2011). The modified aleurone layer,
implicated as a major transfer tissue in wheat, is completely absent
as judged by Evans Blue vital staining and expression analysis of
the BAGLOI (Bradilg13040) gene (Opanowicz ef al., 2011).

This analysis was extended to the species selected for this
study and tetrazolium chloride (TZ) was used as a marker of vital
tissues to ascertain if, as previously observed in hexaploid wheat
and Brachypodium, differences in the viability of aleurone tissues
in the mature grains could be identified. While all grains show
that the peripheral aleurone layers are living at maturity, as is
expected for these tissues, the assorted grains show variation in
both the number of layers and in the regularity of their organiza-
tion (Table 1; Fig. 3). Vital staining patterns in the adaxial domain
where the modified aleurone would be expected to be located
varied but, in Brachypodium and Bromus species, this region
consistently stained with TZ and, like the peripheral aleurone, is
living tissue at maturity (Fig. 2A—C). As previously shown using
Evan’s Blue staining for dead tissues, no TZ staining was detected
in hexaploid wheat modified aleurone (Fig. 2F). This was also
the case in cultivated barley grains (Fig. 2E). However, there was
some variation in the other Triticum genera tested, with speltoides
consistently showing TZ staining in this region (Fig. 2K). Evans
Blue staining was also performed which corroborated that the tis-
sue in speltoides was live. While oat shows similar shape and
organization as barley and wheat grains, living tissue was consist-
ently detected in its modified aleurone domain (Fig. 2H).

Endosperm cell size and cell wall thickness

Scanning electron microscopy (SEM) was performed on mature
grains of representative species to determine cell wall thickness
in the central endosperm compared with the aleurone layers.
Conversely to wheat, B. distachyon central cell walls are compara-
ble or slightly greater in thickness compared with the walls in the

peripheral aleurone (Opanowicz et al., 2011; Table 2). In this study
it was also found that, in Bromus, the central endosperm cell walls
are comparable in thickness to the aleurone layer (Table 2; Fig. 3B;
see Supplementary Table S1 at JXB online) or at least with a ratio
greater than 0.7. In all other species examined, the aleurone cell
walls are at least twice as thick as the central endosperm cell walls.
However, only Brachypodium appeared to have the small central
cell size throughout the endosperm and, in all other genera exam-
ined, the central endosperm cells were several times larger than the
peripheral aleurone cells (Table 2; Fig. 2; see Supplementary Table.
S1 at JXB online). This was particularly striking in Bromus mollis
with a central cell length of up to 80 um in some cases compared
with an aleurone cell length as small as 10 pm. With such a flat
grain there may only be 4-6 cells spanning the abaxial-adaxial axis
(Fig. 3B). Barley seems to be the only grain having more than one
regular layer of aleurone (Fig. 3D; Olsen ef al., 1992) while only
the Brachypodium species has an obviously disorganized cellular
arrangement seen in both TZ staining and SEM images (and previ-
ously in gene expression patterns (Opanowicz et al., 2011)). SEM
analysis indicated that Festuca pratensis aleurone cells are more
irregular than those of other core pooids (Fig. 3H).

SEM can be used to examine some visual properties of the cell
walls. Classic features of transfer cells, including the BETL of
maize, include invaginations in the walls to increase surface area
for transport. These cells are usually more irregularly shaped
than the regular cuboidal cells of the peripheral aleurone. This
was clearly visible in SEMs of cell walls of the modified aleu-
rone of the wheat species observed, including those of primitive
wheats (Fig. 4A—C). It was less obvious in grains with a flat pro-
file such as E. repens, Lolium, and Festuca (Fig. 4D—F).

Molecular analyses of the grain’s aleurone layers
between genera

Transcription factors are key specifiers of distinct cell and tis-
sues types and, in grains, one of the few genes shown to specify
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Fig. 3. SEM of selected grains showing peripheral aleurone and
underlying central endosperm cells. The aleurone area in each
species is indicated by the double-ended arrows. Scale bars (A,
B, G, H) 10 pm; (C, D,E, F) 20 pm.

particular tissues is ZmMRP-1, a determinant of the BETL
layer in maize encoding an atypical single-repeat MYB pro-
tein (Gomez et al., 2009). No orthologues could be identified
in temperate cereals (no sequence homology extended beyond
the conserved MYB-domain of the protein). In addition, no
orthologues were identified in rice, which lacks the BETL layer.
This supports the idea that ZmMRP-1 is the key regulator spe-
cifying BETL cell fate but also suggests that, though function-
ally homologous, the modified aleurone of temperate cereals is

Table 2. Measurements of cell wall thickness and cell size in
central endosperm and peripheral aleurone of selected species.
Measurements in pm with standard deviation and n=10.

Species Central Aleurone Central size  Aleurone
wall wall size

B. distachyon 2.73+0.42 2.07+0.51 27.5+4.68 18.23+4.29
B. mollis 2.41+£0.67 3.06+1.04 59.22+6.23 12.59+1.65
B. diandrus 1.81+0.26 2.55+0.55 53.68+10.12 24.05+1.19
E. repens 0.41+0.14 1.08+0.20 45.31+£9.53 17.43+4.45
T uratu 0.39+0.07 0.79+0.14  nd? 23.54+2.16
T. speltoides 0.31+0.04 1.31+0.11 78.15+9.27 19.89+2.62
L. perenne 0.37+0.17 1.42+0.34 79.81+£33.56 16.59+2.64
F. pratensis 0.67+0.10 1.80+0.26 94.86+14.12 17.36+6.33
A. fatua 0.38+0.13 1.40+£0.22 132.93+50. 25.51+3.02

4 nd, Not determined.

genetically distinct and that it has evolved independently. The
Brachypodium genome contains several single-repeat myb genes
and Bradilg72300 was identified as the closest in sequence hom-
ology to ZmMRP-1 focusing on the conserved VASHAQKYF
domain (see Supplementary Fig. S2 at JXB online). However,
expression of Bradilg72300 was not detected in developing
grain tissue by RT-PCR (Fig. 5A)—this is in contrast to the read-
ily detectable expression of ZmMRP-1 described in developing
maize endosperm (Gomez et al., 2002).

Other Brachypodium single-repeat MYB genes were identi-
fied and extracted from the genome showing homology to other
published genes; ZmMybstl in maize (Mercy et al., 2003) or
HvMCBS3 in barley (Rubio-Somoza et al., 2006b) and also to
the HvMCBI gene in barley (Table 3; see Supplementary Figs
S2 and S5 at JXB online) which has been shown to be involved
in aleurone development and in germinating grains (Rubio-
Somoza et al., 2006a). Orthologues of HvMCBI and HvMCBS3
in Brachypodium are expressed in developing grain tissues
(Fig. 5A) which compares with that reported in barley and
maize. In addition to these single-repeat MYB genes, an R2R3
MYB gene, GAMYB, has been shown to play a role in peripheral
aleurone function in germination. As has been shown in other
species including barley (Gocal et al., 1999; Diaz et al., 2002;
Gong and Bewley 2008), expression of the Brachypodium ortho-
logue was detected in developing grain tissues (Table 3; Fig. 5A;
a full amino acid alignment in shown in Supplementary Fig. S3
at JXB online).

Orthologues of other key endosperm regulators such as the
Opaque2/BLZ1/2 bZIP genes are present in Brachypodium
and indeed throughout the Poaceae. Cognate orthologues in
Brachypodium for BLZI and BLZ2 (Opaque2) were identified
(Table 3; full amino acid alignments are shown in Supplementary
Fig. S4 at JXB online) and RT-PCR performed on developing
grain samples (Fig. 5A). BdBLZI is expressed in leaf tissue
as was found in barley and other species (Vicente-Carbajosa
et al., 1998). Strikingly, expression of the BLZ2/O2 orthologue
(Bradilg55450) was detected at very low levels in mature grains
(Fig. 5A). This contrasting expression pattern was verified by
performing RT-PCR on developing barley grains with primers
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Fig. 4. SEM of modified aleurone region in selected grains. ce, central endosperm; ma, modified aleurone; al, aleurone; np, nucellar
projection. Arrows in (B) indicate internal surfaces of modified aleurone cells. Scale bars (A, D) 50 um; (B, E) 10 um; (C, F) 5 um.

for the corresponding orthologues (Fig. 5B) and HvBLZ2 showed
high expression in maturing grains as expected based on previ-
ous northern analysis (Onate et al., 1999).

A. B. distachyon
grain
in yg mg fl dg gDNA -ve rain
in mid late mature gDNA

B. H. vulgare

HvMCB1

HvMCB3

HVGAMYB

HvBLZ1

BdBLZ1

HvBLZ2
BdBLZ2

BdGAPDH

Fig. 5. Expression analysis of Brachypodium orthologues of key
aleurone/endosperm transcription factor genes in developing grain
tissues. (A) RT-PCR in B. distachyon tissues and (B) RT-PCR in

H. vulgare tissues. In, inflorescence; yg, young grain; mg, mid-
length grain; fl, full-length grain; dg, dry grain; gDNA genomic
DNA.

In addition to transcription factors, other key determinants of
peripheral aleurone specification have been identified in maize:
Cr4, Dekl, and Sall (Becraft et al., 1996; Lid et al., 2002; Shen
et al., 2003). Single orthologues of these genes were identified
in the Brachypodium genome (Table 3) and RT-PCR detected
expression in all Brachypodium samples with a slight decrease
in the older grain samples (see Supplementary Fig. S6 at JXB
online;).

Histological and molecular analyses of the grain’s
aleurone layers

It was hypothesized that a highly differentiated and regularly
organized peripheral aleurone was correlated to whether the spe-
cies was wild or cultivated so that a distinctive well-differentiated
aleurone was selected for, perhaps by conferring more efficient
storage properties on the grain or enhancing seed germination.
SEM and vital staining suggested that a selection of both wild
and cultivated grains had distinctive aleurone layers (Figs 3, 4).
Further histological analysis using toluidine blue was per-
formed on a selection of the grains to delineate and compare the
aleurone layers. Toluidine blue will stain nucleic acids and cell
walls but not callose or starch (O’Brien et al., 1964), though starch
granules are visible in background contrast. Figure 6 A—C shows
staining patterns for B. sylvaticum, B. sterilis, and E.repens. The
irregularity of the Brachypodium peripheral aleurone, particu-
larly in terms of the unfixed number of layers, is again appar-
ent and also striking is the similarity in staining density between


http://jxb.oxfordjournals.org/lookup/suppl/doi:ers281/-/DC1

6260 | Hands et al.

Table 3. Brachypodium orthologues of aleurone/endosperm regulator genes

Gene Grass species Brachypodium orthologue Reference

ZmMRP-1 Zea mays Bradi1g72300 (closest hit) Gomez et al., 2002, 2009

HvMCB1 Hordeum vulgare Bradi3g33440 Rubio-Somoza et al., 2006a
ZmMybst1/HvMCBS3 Zea mays, Hordeum vulgare Bradi3g33400 Mercy et al., 2003, Rubio-Somoza et al., 2006b
GAMYB Hordeum vulgare, Lolium tenulatum Bradi2g53010 Diaz et al., 2002

BLZ1 Hordeum vulgare Bradi1g05480 Vicente-Carbajosa et al., 1998

BLZ2 /Opaque2/TaSPA Hordeum vulgare/Zea mays/ Triticum aestivum Bradi1g55450 Onate et al., 1999

Cr4 Zea mays, Hordeum vulgare Bradi1g30430 Becraft et al., 1996

Dek1 Zea mays, Hordeum vulgare Bradi3g53020 Lid et al., 2002

Sal Zea mays, Hordeum vulgare Bradi1g30430 Shen et al., 2003

the two aleurone cell types in all these species. The delineation
between aleurone and central endosperm domains is very clear
in all cases. Within the wheat species specifically, in Fig. 6D-F
including 7' uratu, tauschii, and speltoides, there is dense stain-
ing of the contents of the modified aleurone cells (which are not
regularly cuboidal as are the peripheral aleurone cells) while,
in the peripheral aleurone cells, the densely stained nuclei can
be distinguished from the surrounding cytoplasm. In all cases,
the aleurone layers display a distinct organization to the central
endosperm, though it was noted in speltoides (Fig. 6F) that the
dense staining pattern was visible in both aleurones as in the spe-
cies in Fig. 6A—C. In tauschii it was observed that the nucellar
epidermis persisted as the grain reached maturity (Fig. 6E) and
the cells of the peripheral aleuone were small and more difficult
to distinguish from the central endosperm.

The distinction of peripheral and modified aleurone was inves-
tigated further at the molecular level. Wheat provides a useful

A modified aleurone

~

ﬁripheral aleurone

system for exploring both primitive/uncultivated and cultivated/
domesticated species within one genus, 7riticum. In addition, the
species within the genus represent all the shape classifications,
flat, round, and narrow. Genes previously shown to have expres-
sion patterns specific for the peripheral aleurone, the modified
aleurone, and the central endosperm (excluding the aleurone
tissues) in wheat encoding pyruvate orthophosphate dikinase
(PPDK), an iron/ascorbate oxidoreductase and a gliadin storage
protein (Drea et al., 2005a) were selected and DIG-labelled RNA
probes were used in mRNA ISH on cultivated and primitive/
uncultivated wheat species to identify if the level of specificity
of gene expression in endosperm domains was preserved in both
(Fig. 7). While all the wheat grains had general expression patterns
similar to those observed in hexaploid bread wheat some subtle
variations were noted. In dicoccoides and uratu the peripheral
aleurone markers were also detected in the subaleurone (Fig. 7B,
7C). This was in contrast to the discretely-localized aleurone

Fig. 6. Toluidine blue staining of grains focusing on the aleurone cells (modified and peripheral) juxtaposed with the central endosperm
and endosperm cavity. (A) Brachypodium (sylvaticum). (B) Bromus (sterilis). (C) Elymus (repens). (D-F) Triticum (uratu, tauschii,
speltoides). ne, Nucellar epidermis; ce, central endosperm; al, aleurone; ca, cavity. Scale bars (A, B, D, E, F) 20 um; (C) 50 um.
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Fig. 7. ISH of domain-specific endosperm markers on cultivated and primitive (uncultivated) wheats. (A-E, H) peripheral aleurone
marker; (I-L, N, P) modified aleurone marker; (F, G, M, O) central endosperm marker. Species are arranged vertically as labelled except
where indicated. ne, Nucellar epidermis; ce, central endosperm. Scale bars (A-H) 50 um, (-P) 200 um.

transcripts in hexaploid spelta, tetraploid durum (Fig, 7E), and
the other diploid species, speltoides and tauschii (Fig. 7D, 7H)
when hybridized with the same aleurone marker. However, when
using the central endosperm probe, which excludes the aleur-
one layers, the expression extended to a distinct aleurone bor-
der in both dicoccoides and uratu (Fig. 7F, 7G) which was also
apparent in histological sections (Fig. 6D). The expression of the

modified aleurone marker in uratu was weak and it was difficult
to discern the extent of the modified aleurone region (Fig. 7K).
However, when probed with the central endosperm marker, the
expected ‘exclusion zone’ for the modified aleurone region was
visible (Fig. 70). It was noted that in histological (Fig. 6D) and
in situ analysis the cells in the modified aleurone layer of uratu
sometimes appeared damaged or depleted which may account for
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some loss of signal intensity in the ISH analysis. Interestingly, in
T. speltoides the markers for the peripheral and modified aleu-
rones were expressed in both domains simultaneously (Fig. 7L,
7P) which could reflect the similar histological staining patterns
observed in these layers (Fig. 6F).

Discussion

Brachypodium distachyon was used as the reference point for
surveying several characters of grain morphology and endosperm
organization in the core pooideae, Bromeae, Aveneae, Triticeae,
and Poeae. As a sister group to this important section of the
Poaceae family and a model species for the temperate grasses—
with all the tools that accompany that status (Mur ez al., 2011)—
it is valuable to analyse and assess its features compared with
neighbouring taxonomic groups both wild and cultivated. A sum-
mary of the trends and key features are summarized in Table 1
and schematically in Fig. 8.

Ultimately, the final properties of the grain are a consequence
of the developmental processes that generate its tissue organiza-
tion. What we know about grain development and endosperm
organization has largely been restricted to cultivated grains such
as rice, maize, barley, and wheat until Brachypodium became
established as a reference species. This left some gaps in what is
known about grain form evolution both under the artificial selec-
tive pressures of domestication and independent of it. While it

Brachypodieae

- irregular aleurone
- small central cells

Bromeae

Triticeae

- non-living modified
aleurone

- bimodal starch
granules

—Aveneae

L_Poeae

was not unexpected that there are many features of grain devel-
opment and composition in Brachypodium that are significantly
different from wheat (Guillon et al., 2011; Opanowicz et al.,
2011), the spectrum of that variation in the context of pooid
phylogeny has not been addressed from the aspect of the grain’s
internal features.

A significant observation is the restriction of a distinctive
modified aleurone and prominent crease to the Triticeae. Transfer
cells have a unique architecture that perfectly mediate their cen-
tral role in nutrient transfer (Offler ez al., 2003). The transfer
cells in the seeds and grains of cotton and Sorghum have been
shown to have implications in grain size and yield (Pugh et al.,
2010; Wang et al., 2012). The apparent lack of a typical modified
aleurone and robust nucellar projection—the nucellar projection
is also rich in transfer characteristics (Zheng and Wang, 2011)—
in genera such as Brachypodium may help explain its flat and
starch-poor grains. Though the Triticeae species examined have
aleurone layers that are readily identified, our spatial molecular
analyses using mRNA ISH with markers previously shown to
be layer-specific (Drea et al., 2005b; Fig. 7) indicated that the
aleurone layers of some species (speltoides, uratu, and dicoc-
coides) may be less definitively differentiated though the central
endosperm marker patterns were more tightly delineated. This is
something that requires further analyis to assess the implications
for grain evolution and development.

Both Brachypodium and Bromus genera possess a persistent
nucellar epidermis and a central endosperm cell wall thickness

- flat grains

- thick central celll walls

- low starch content

- simple starch granules

- persistent nucellar epidermis
- reduced nucellar projection

- pronounced crease
- robust nucellar projection

- compound starch
granules

Fig. 8. Schematic diagram summarizing trends in grain characteristics in terms of basic phylogeny. NOT to scale. Green, pericarp;

yellow, nucellar tissues; light red, aleurone; red, central endosperm.
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comparable with the aleurone layer. This is in contrast to wheat
(Opanowicz et al., 2011) and indeed to the Triticeae in gen-
eral. Within the Bromus genus there was a noticeable difference
between the mollis and diandrus/sterilis species. The latter spe-
cies had a more obvious lobed profile reminiscent of the wheats,
while mollis was starkly flat with barely any appearance of a
crease. All the core pooids seem to have the ability to gener-
ate large starch reserves except for the Bromus species exam-
ined, though Bromus starch reserves are generally greater than
the Brachypodium species (see Supplementary Fig. S7 at JXB
online). In discussing differences such as these, however, the
selective forces of domestication need to be taken into account.
Generally, this feature of low-starch reserves is linked to more
irregular aleurone layers, a persistent nucellar epidermis, and
lack of a distinct crease. In addition, we have found that the
cells of the central endosperm in B. mollis are significantly big-
ger than those of its peripheral aleurone layer which contrasts
with Brachypodium. Vital staining patterns in the adaxial domain
where the modified aleurone would be expected to be located
varied: in B. distachyon and B. mollis species, this region consist-
ently stained with tetrazolium (TZ) indicating a living modified
aleurone at maturity while, in B. sterilis staining in this region
was absent, similar to the pattern in cultivated wheat or barley.
These dramatic variations within Bromus may reflect its complex
taxonomy (Smith, 1970; Oja and Jaaska, 1998).

Transcription factors (TFs) have been shown to be key play-
ers in the genetic differences distinguishing wild and cultivated
species (Doebley et al., 2006) and of ten domestication genes
cloned so far in grasses (rice, maize, wheat, and barley), eight
are TFs (Doebley et al., 2006; Glemin and Bataillon, 2009) and
four of these affect grain characters such as colour, grain shat-
tering/threshability, and size — the others affect inflorescence
architecture and growth habits that can consequently affect grain
properties. Molecular evolution analyses using these genes has
revealed much about the evolution of grass growth and morph-
ology (Doebley et al., 1997; Vollbrecht et al., 2005) and tran-
scription factors are recognized as having an important role to
play in advances in agricultural biotechnology (Century et al.,
2008). These domestication transcription factors were generally
identified using QTL approaches, eventually narrowing down
contributory loci to individual genes. Other forward genetics
approaches (mutant screens) identified genes such as opaque-2
in maize as key regulators of storage protein gene expression
(Hartings et al., 1989), and several TFs have been identified in the
aleurone of barley where they regulate storage protein genes and
genes responding to GA at germination (Rubio-Somoza et al.,
2006a, b). However, there are few TFs that have been shown to
be specific determinants of early grain development and endo-
sperm differentiation in temperate grasses. One of the few genes
shown to specify particular tissues in the grain is ZmMRP-1, a
determinant of the BETL layer in maize (Gomez ef al., 2009).
The absence/presence of key genes (or paralogues) in genomes or
variation in the expression pattern in one species compared with
another, can be a powerful indicator of what the genetic bases
for pronounced morphological and developmental differences
are. The lack of expression of the Brachypodium ZmMRP-1 and
BLZ2/Opaque? orthologues (as determined by sequence analysis
and RT-PCR) could be molecular genetic underpinnings of the

differences between Brachypodium and barley and maize. BLZ
genes are regulators of prolamin storage protein genes in barley,
rice, and maize and polymorphisms in maize and wheat have been
shown to have huge implications in grain composition and quality
(Onate et al., 1999; Onodera et al., 2001; Gibbon and Larkins,
2005; Ravel et al., 2009). Given that the storage protein profile
of Brachypodium is enriched for globulins rather than prolamins
(Laudencia-Chingcuanco and Vensel, 2008; Larre et al., 2010)
this variation in expression of BLZ2 may not be unexpected.

In addition to transcription factors, other key determinants of
peripheral aleurone specification have been identified in maize:
Cr4, Dekl, and Sall (Becraft et al., 1996; Lid et al., 2002; Shen
et al., 2003). These genes encode a receptor kinase, a calpain
protease, and a vacuolar sorting protein, respectively. In a barley
mutant with reduced aleurone layers, des), these genes, particu-
larly HvCr4, were found to be significantly reduced in expres-
sion in the grains (Olsen et al., 2008). In this study, significant
differences in gene expression for Brachypodium orthologues
were not detected.

In the context of a sister group to the core pooids, Brachypodium
was used as a reference point for a detailed analyses of grain
characters at several levels macro-, microscopic, physiologi-
cal, and molecular. A spectrum of specific character variation is
described across the phylogenetic groups, groups that include
wild, primitive, and cultivated species, as well as forage grass
species that are under different selective forces less focused on
grain characters. In addition, preliminary evidence is provided of
gene expression differences underpinning this variation. A cross-
species comparative analysis provides a firm basis on which to
interpret molecular data derived from various groups and con-
tribute generally to our knowledge of grain form evolution. By
aligning a grain survey focused on agriculturally relevant traits
in the grain alongside the established phylogenies, not only are
evolutionary patterns in grain structure and organization within
the Pooideae revealed but also candidate species for informative
genomic/transcriptomic comparisons are identified.

Supplementary data

Supplementary data can be found at JXB online.

Supplementary Fig. S1. Graph of basic dimensions (length,
width, and depth) of all grain species surveyed.

Supplementary Fig. S2. Amino acid alignment of the myb
domain in the single repeat MYB genes from Brachypodium,
barley, and wheat.

Supplementary Fig. S3. Amino acid alignment of GAMYB

orthologues.

Supplementary Fig. S4. Amino acid alignment of BLZ
orthologues.

Supplementary Fig. S5. Amino acid alignment of RIMYB
orthologues.

Supplementary Fig. S6. RT-PCR of BdCR4, BdSALI, and
BdDEK.

Supplementary Fig. S7. Iodine staining of grain sections to
compare levels of starch accumulation.

Supplementary Table S1. Grain characters of each of the 28
species examined.
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Supplementary Table S2. Primers used in RT-PCR.
Supplementary Table S3. Accession numbers of all sequences
used in alignments.
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