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Abstract Prolamins are seed storage proteins in cereals
and represent an important source of essential amino acids
for feed and food. Genes encoding these proteins resulted
from dispersed and tandem ampliWcation. While previous
studies have concentrated on protein sequences from diVer-
ent grass species, we now can add a new perspective to
their relationships by asking how their genes are shared by
ancestry and copied in diVerent lineages of the same family
of species. These diVerences are derived from alignment of
chromosomal regions, where collinearity is used to identify
prolamin genes in syntenic positions, also called ortholo-
gous gene copies. New or paralogous gene copies are
inserted in tandem or new locations of the same genome.
More importantly, one can detect the loss of older genes.
We analyzed chromosomal intervals containing prolamin
genes from rice, sorghum, wheat, barley, and Brachypo-
dium, representing diVerent subfamilies of the Poaceae.
The Poaceae commonly known as the grasses includes
three major subfamilies, the Ehrhartoideae (rice), Pooideae
(wheat, barley, and Brachypodium), and Panicoideae
(millets, maize, sorghum, and switchgrass). Based on chro-
mosomal position and sequence divergence, it becomes
possible to infer the order of gene ampliWcation events. Fur-
thermore, the loss of older genes in diVerent subfamilies
seems to permit a faster pace of divergence of paralogous

genes. Change in protein structure aVects their physical
properties, subcellular location, and amino acid composi-
tion. On the other hand, regulatory sequence elements and
corresponding transcriptional activators of new gene copies
are more conserved than coding sequences, consistent with
the tissue-speciWc expression of these genes.

Introduction

Cereals include well-known species like rice (Oryza
sativa), wheat (Triticum aestivum), barley (Hordeum
vulgare), rye (Secale cereale), oats (Avena sativa), maize
(Zea mays), and sorghum (Sorghum bicolor). They belong to
the family of the Poaceae, commonly known as the grasses.
Their seeds constitute a staple for the human and animal
diet. A major protein nutrient of the seeds of cereals is a
protein family called prolamins, rich in proline and amide
nitrogen derived from glutamine and encoded by many
gene copies. The proteins are soluble in aqueous alcohol in
contrast to the globulins, which are water soluble (Shewry
et al. 1999). We now have reached an interesting stage of
genomic resources, where gene families can be investigated
in their chromosomal context. Because two cereal genomes
have been sequenced in their entirety (Matsumoto et al.
2005; Paterson et al. 2009), we can now use collinearity to
delineate ampliWcation of genes, their insertion in tandem
and in dispersed locations, and deletions of older gene copies
(Xu and Messing 2008b). IdentiWcation of paralogous
gene copies is based on the disruption of collinearity
between the alignments of at least two genomes. Once each
paralogous copy can be discerned by position in the
genome, it also becomes possible to determine the contri-
bution of each gene copy to the pool of gene products.
Furthermore, using nucleotide substitution rates, we can
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re-create gene movement events and the evolution of
protein structure. Although only the genomes of rice and
sorghum have been completely sequenced, we also have
contiguous chromosomal sequences of all prolamin genes
in maize (Xu and Messing 2008b) and Brachypodium (Huo
et al. 2007). There are also BAC, EST, and map resources
available from other cereals (Gao et al. 2007; Gu et al.
2006; Wicker et al. 2003). Therefore, we can now apply an
evolutionary zoom to analyze the origin and divergence of
an entire gene family that is critical for the quality of our
food supply.

With the exception of rice, the major cereals fall into two
groups (Kellogg 2001). The temperate cereals comprise
wheat, barley, rye, and oats and the tropical cereals include
maize, sorghum, and millets. Maize, sorghum, and most mil-
lets belong to the Panicoideae subfamily and their prolamins
are divided into alpha, beta, gamma, and delta prolamins
(Gibbon and Larkins 2005). Out of those, the main protein
component in maize and sorghum is the alpha prolamins,
which, in contrast to the others, is encoded by relatively large
gene families. There are 42 copies in maize inbred B73 and
23 in sorghum Btx623, while the others have only one or two
copies (Xu and Messing 2008b; Miclaus et al. in prepara-
tion). Wheat, barley, and rye are closely related species of the
tribe Triticeae, which belongs to the subfamily of Pooideae.
These species contain prolamin proteins, which can be classi-
Wed into three groups: sulfur-rich (S-rich), S-poor, and high
molecular weight (HMW) prolamins. S-rich prolamin, the
major component in the tribe of Triticeae, comprises alpha/
beta-gliadin, gamma-gliadin, and low molecular weight
(LMW) glutenin in wheat, B-hordein and gamma-hordein
in barley. S-poor prolamins (including omega-gliadins and
C-hordeins) and HMW prolamins represent a smaller com-
ponent (Shewry et al. 1984). All three prolamin groups in
Triticeae are encoded by highly conserved genes based on
chromosomal locations, although they diVer in copy number
(Shewry et al. 1999). Rice, like oats, diVers from most cere-
als in that prolamins are the minor storage protein. In rice,
they can be divided into three groups by size, 10, 13, and
16 kDa (Muench et al. 1999). Immunological cross-reactivity
of cereal prolamins showed that rice prolamins did not cross-
react with wheat gliadin antisera (Okita et al. 1988), and only
cross-react weakly with those of maize, sorghum, and barley
(Shyur et al. 1994). Furthermore, sequence-similarity of pro-
lamins is very low between rice, maize and sorghum, and
wheat and barley.

Given the previous description of the syntenic relation-
ships of grass genomes based on genetically mapped markers
(Gale and Devos 1998; Moore et al. 1995), one might have
expected that these proteins might be less divergent in struc-
ture than their biochemical classiWcation suggests. Actually,
previous alignments of amino acid sequences of prolamins
have been used to Wnd common motifs that would suggest

common ancestry. Therefore, Kreis et al. (1985) divided the
C-terminal domain of prolamin protein into three regions
varying in length from 20 to 40 residues, which they called
A, B, and C. These three regions are conserved in all prola-
mins except alpha prolamins in sorghum and maize (Shewry
and Tatham 1990). Regions related to A, B, and C are also
present in inhibitors of trypsin and alpha-amylase, and even
in some of the 2S globulins, which are water soluble storage
proteins. Furthermore, regions A, B, and C were also shown
to be similar to each other, indicating that they might have
originated from an ancient triplication of a short domain with
about 30 residues (Shewry and Tatham 1999).

However, rather than depending on protein sequence
alone in the interpretation of the origin of these proteins, we
suggest that changes in gene structure are the result of gene
ampliWcation events and losses of older gene copies to coun-
teract divergence by gene conversion via pairing of non-
homologous chromosomes (Xu and Messing 2008a). This
type of analysis was not possible prior to the availability of
contiguous genomic segments from diVerent species sharing
gene collinearity, where it is possible to discern genes pres-
ent from ancestral chromosomes (Song et al. 2002; Xu and
Messing 2008b). For instance, if a gene is collinear in
genomes of two species, but absent in the third, one can
assume that it was lost by deletion of ancestral chromosomal
DNA, or it was inserted in the ancestral genome of the other
two species. On the other hand, a gene copy in a unique
position of one genome, but absent in the collinear regions
of the two other genomes indicate an insertion event, or
deletion event in an ancient genome. These two diVerent
scenarios can be conWrmed by phylogenetic analysis
because new insertion events are younger than the split of
the progenitors of the species under comparison. Using such
a method of syntenic alignments of chromosomal regions of
multiple genomes including rice, wheat, barley, Brachypo-
dium, and sorghum, we suggest that seeds probably Wrst
made water-soluble storage proteins before water-insoluble
ones. One would also suspect that non-homologous pairing
of chromosomal regions might have played a role in the
concerted evolution of the prolamin gene family because of
the loss of orthologous gene copies in diVerent subfamilies
of the Poaceae after they were copied and dispersed into
diVerent chromosomal locations as has been described for
segmental duplications in rice (Xu and Messing 2008a).

Methods

Prolamin identiWcation

Oryzeins were identiWed by homology searches of 10, 13,
and 16 kDa prolamins in the rice genome. Brachypodins
were identiWed by homology searches of prolamins (gliadins
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and glutenins of wheat) against a 4£ draft Brachypodium
distachyon genome sequence (http://blast.Brachypodium.
org). BAC and EST resources of other species were used in
similar searches.

DNA sequences

Sequences of BAC clones from all species were down-
loaded from GenBank except sorghum and Brachypodium
from The US Department of Energy Joint Genome Institute
(JGI) websites (http://www.phytozome.net/cgi-bin/gbrowse.
sorghum for sorghum and http://www.Brachypodium.org
for Brachypodium). Accession numbers that were used are
rice BAC clones: AC099043, AC133248, AC137747,
AC134343, AC105320, AP005719, AP003943, AL928779
and AC113332; maize BAC clone AC204581; wheat BAC
clones: DQ537336, EF426565; and barley BAC clone:
AY268139.

Sequence annotation

Rice BAC clones annotated data were obtained from the
RAP-DB (Tanaka et al. 2008). Sequences from other
species were annotated by software fgenesh (http://
linux1.softberry.com/berry.phtml?topic=fgenesh&group=
programs&subgroup=gfind), and predicted genes were
manually modiWed and conWrmed by EST and protein
sequence resources. Only conserved genes were used in this
study to align chromosomal regions between species.

Phylogenetic analysis and age estimation

Multiple nucleotide and amino acid sequences were aligned
by the ClusterW program and MAFFT program (Katoh and
Toh 2008). As can be seen in supplemental Figs. 2 and 3,
amino acid repeat-blocks are easily recognized and would
signiWcantly interfere with a phylogenetic analysis. There-
fore, these alignments were manually adjusted by removing
these sequences before phylogenetic analysis. Phylograms
were then drawn with the MEGA4 program using the NJ and
UPGMA method (Tamura et al. 2007). The bootstrap was
calculated with 1,000 replications. The synonymous substitu-
tion rates (r) for beta, gamma, and delta zeins and kaWrins
and the synonymous substitutions (Ks value) were calculated
with Nei-Gojobori method (Nei and Gojobori 1986) as used
before (Xu and Messing 2006). The average r and Ks were
used to estimate the evolution time (t) for oryzeins, t = Ks/rave

(average synonymous substitution rate rave = 6.18 £ 10¡9).

Expression and promoter analysis

As prolamin genes do not have introns, all coding regions
of genomic DNA can be directly aligned with cDNAs to

determine whether the copy is expressed or not. All oryzein
copies were compared to a collection of 28,000 cDNAs
from Nipponbare that are deposited in KOME (http://
cdna01.dna.affrc.go.jp/cDNA/). The expression of zeins
and kaWrins (sorghum and maize) was described previously
(Xu and Messing 2008b), and all other prolamins were
compared to sequences of the NCBI EST database (http://
www.ncbi.nlm.nih.gov/BLAST/Blast.cgi). Regions of
1,000 bp upstream of the start codon were used for pro-
moter analysis; P-box including endosperm motif and
GCN4-like motif were identiWed by PLACE Web Signal
Scan (http://www.dna.affrc.go.jp/PLACE/signalscan.html)
(Higo et al. 1999).

Results

Prolamin nomenclature

Some prolamins have common names, such as gliadins and
glutenins for wheat, kaWrins for sorghum, but most of them
are derived from their Latin generic names: zein from Zea
(maize), hordein from Hordeum (barley), secalin from
Secale (rye), avenin from Avena (oats). In some cases, no
speciWc names have been applied to the prolamins of other
species, such as Brachypodium. In rice, the name oryzin
has been used, but it has also been used for Aspergillus
alkaline proteinase. According to standard nomenclature,
all new prolamins should be named by their Latin generic
names. To avoid confusion, we re-named rice prolamins
oryzeins and named Brachypodium prolamins brachypodins,
which are derived from the rice Latin tribal name Oryzeae
and Brachypodium Latin generic name Brachypodium.
Rice prolamin genes that diVer in their relative molecular
weight, 10, 13, and 16-kDa, were named as Ory10, Ory13,
and Ory16, respectively. We also wanted to point out that
evolutionary and molecular biologists have previously
applied the terms of family and subfamily for diVerent
classiWcations (Fig. 1); among species, the Pooideae are a
subfamily of the Poaceae and, among proteins, the alpha
zeins are a subfamily of the zeins or a group of proteins.

Genome-wide identiWcation and analysis of oryzeins

As the rice genome has been completely sequenced
(Matsumoto et al. 2005), we can conduct for the Wrst time a
systematic genome-wide analysis of all prolamins in rice.
We could identify a total of 34 oryzein gene copies in the
rice cultivar Nipponbare, which are located on chromo-
somes 3, 5, 6, 7, 11, and 12 (Table 1) and can be divided in
three size classes, the 10, 13, and 16-kDa prolamins
(Muench et al. 1999). There are four copies of 10-kDa, 24
copies of 13-kDa, and 6 copies of 16-kDa oryzeins. All
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oryzeins are divided into four clusters, Ory10, Ory13a,
Ory13b, and Ory16 (Fig. 2). When these chromosomal
regions from rice chromosomes are aligned with ortholo-
gous regions from maize and sorghum, collinearity between
all three genomes clearly indicates that oryzeins were new
gene copies that arose after the Ehrhartoideae and Panicoi-
deae split. The original prolamin gene shared between both,
however, appears to be lost in the Ehrhartoideae and per-
haps also in the Panicoideae subfamily (Table 2). On the
other hand, all prolamin gene copies in sorghum were also
collinear with maize as previously described (Xu and Mess-
ing 2008b).

Three copies of Ory10 were tandemly duplicated on
chromosome 3, and one copy Ory10.4 was inserted into
chromosome 11. The major prolamin group in rice is Ory13
(24/34, 70%), which can be further subdivided into two
subgroups Ory13a and Ory13b. There are only two copies
of Ory13a, which were tandemly duplicated on chromo-
some 6, while 22 copies of Ory13b were tandemly dupli-
cated on chromosome 5; a copy of Ory13b was also
inserted into chromosome 7, following additional tandem
duplication in its new location. Ory16 has six gene copies
on chromosome 12 and 7, where tandem duplications arose
in both locations subsequently (Table 1, Fig. 2).

Reciprocal sequence alignments of the seven chromo-
somal oryzein regions with sorghum exhibit the same pat-
tern of gene ampliWcation. We could not Wnd any traces of
orthologous copies of oryzeins in sorghum (Table 2, Suppl
Fig. 1). Therefore, the prolamins in sorghum represent
insertion events that must have occurred after the progeni-
tors of the Ehrhartoideae and Panicoideae subfamily split.
On the other hand, analysis of two genomes of the Panicoi-
deae, sorghum and maize from the tribe Andropogoneae
have examples of both types of dispersed gene copies,
those that pre-existed in their progenitors that split about
12 mya (Swigonova et al. 2004) and those that arose later.
Interestingly, these Wndings are further corroborated by
data from sugarcane and millets that contain highly
conserved prolamin sequences homologous to the ones in

sorghum and maize, but not to prolamins in the Ehrharto-
ideae subfamily (Xu and Messing 2008b).

To date the oryzein copying events, we needed to calcu-
late their substitution rates (r). Because prolamins have the
same function, we assumed that the average substitution
rate of beta, gamma, and delta zeins and kaWrins
(6.18 £ 10¡9) is the same for oryzeins. Based on this rate,
the oldest oryzeins Ory10/Ory13 arose about 47.5 million
years ago (mya), which is just after rice, wheat, sorghum,
and maize split 50 mya (Kellogg 2001). Ory16 and Ory13b
arose at about 28.5 and 12.2 mya, respectively. All oryzeins
are gene copies that arose after the progenitors of the diVer-
ent subfamilies split and were inserted into chromosomal
locations diVerent to their donor copy that existed in a com-
mon progenitor of the grass family. Moreover, the Panicoi-
deae subfamily exhibits similar dispersal modes, where
prolamin copies were produced and inserted into unlinked
positions. Nucleotide substitution rates also suggest another
similarity of gene ampliWcation among the diVerent sub-
families of the grasses. In each tandem cluster the oldest
copy is younger than the donor from the unlinked position,
indicating that tandem duplication is followed by the inser-
tion of the Wrst paralogous copy into a new chromosomal
location. While dispersal to new chromosomal locations
can occur in long intervals, tandem duplications are spread
over much shorter time periods. Therefore, it is not surpris-
ing that tandem copies form clusters distinct for each chro-
mosomal location. Another interesting aspect of gene
ampliWcation is that tandem clusters seems to have arisen
more frequently from recent dispersals than ancient copy-
ing events.

Chromosomal organization of prolamins in Ehrhartoideae 
(Oryzeae), Panicoideae (Andropogoneae), and Pooideae 
(Triticeae, Brachypodieae)

In search of a common denominator of prolamins between
Ehrhartoideae and Panicoideae, we needed chromosomal
information on prolamin genes from a third subfamily of
the grasses. The best-suited examples are the prolamins
from wheat and barley, which belong to the tribe Triticeae
of the Pooideae subfamily of the grasses. Although no
physical map of any Triticeae (wheat and barley) is avail-
able yet nor are their genomes sequenced, there are a few
examples of contiguous genomic sequences containing pro-
lamin genes, including gliadin and glutenin gene copies
(Gao et al. 2007; Gu et al. 2006; Wicker et al. 2003). As
these are selected regions of the genome, we cannot ask
whether rice, maize, or sorghum genes were orthologous to
wheat or barley. Although there is no biochemical evidence
or ESTs that would suggest so, it could be that wheat and
sorghum still had pseudogenes in these orthologous posi-
tions. On the other hand, we can pose the question, whether

Fig. 1 The phylogenetic relationships of cereal’s species, names of
family, subfamily, tribe and species are shown. It is a generalized tree
of relationships, with no computational support

Oryza sativa (Rice)

Family Subfamily Tribe Species

Panicoideae

Ehrhartoideae Oryzeae

Pooideae

Triticeae

Brachypodieae

Poaceae

Zea mays  (Maize)

Andropogoneae Sorghum bicolor  (Sorghum)

Paniceae
Panicum sumatrense (Little Millet)

Triticum aestivum (Wheat)

Hordeum vulgare (Barley)

Brachypodium distachyon  (Brachypodium)
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the genomes of rice, sorghum, and maize had any sequence
traces left that would indicate that the wheat and barley
genes existed already in a common progenitor. However,
when orthologous regions of wheat and barley were aligned
via linked non-prolamin genes with rice, sorghum, and
maize no traces of gliadin and glutenin gene copies were
found (Fig. 3). Therefore, the wheat and barley genes were
also likely copies of older genes that were inserted into
their respective positions after the progenitors of the

Ehrhartoideae, Panicoideae, and Pooideae subfamilies
split. Having a second example now, where paralogous
copies of prolamins were dispersed to unlinked positions of
the genome, one can suggest that this type of ampliWcation
pattern occurred in parallel rather than in serial order.

Although no complete genome sequence within the tribe of
the Triticeae is available yet, a member of the Brachypodieae
tribe of the same Pooideae subfamily, Brachypodium distach-
yon, has recently been sequenced by whole genome shotgun

Table 1 Summary of oryzein genes and their expression

a Sequence identity between genomic coding and cDNA sequences
b Retroelements insertion spans two BACs, AC134343 and AC105320
c Sequence after removal of insertion

Gene Copy Accession Chr Position Length (bp) Comment mRNAa Expression

Ory10.1 AC099043 3 63543–63947 405 Intact 100% Yes

Ory10.2 AC099043 3 66701–67108 408 Prestop 100% Yes

Ory10.3 AC099043 3 69579–69983 405 Intact 100% Yes

Ory10.4 AC133248 11 108057–108464 408 Intact 100% Yes

Ory13a1 AP003618 6 53523–53074 450 No start codon 100% Yes

Ory13a2 AP003618 6 59870–59421 450 Intact 100% Yes

Ory13b1 AC137747 5 65486-65938 453 Prestop 95.6% No

Ory13b2 AC137747 5 71336–71785 450 Prestop 94.7% No

Ory13b3 AC137747 5 76664–77116 453 Prestop 95.1% No

Ory13b4 AC137747 5 129657–130109 453 Intact 100% Yes

Ory13b5 AC137747 5 132218–132670 453 Prestop 1SNP No

Ory13b6 AC137747 5 134779–135231 453 Prestop 1SNP No

Ory13b7 AC137747 5 137340–137792 453 Intact 100% Yes

Ory13b8 AC137747 5 139901–140353 453 Intact 100% Yes

Ory13b9 AC137747 5 142462–142914 453 Intact 100% Yes

Ory13b10 AC134343 5 59425–69586 453 Insertionc 3SNPs No

Ory13b11 AC134343 5 71692–72144 453 Intact 100% Yes

Ory13b12 AC134343 5 85324–85776 453 Prestop 2SNPs No

Ory13b13b AC134343 5 87884–120440

AC105320 5 4242–29163 453 Insertionc 98.9% No

Ory13b14 AC105320 5 35110–35562 453 Intact 4SNPs No

Ory13b15 AC105320 5 73551–73090 462 Prestop 97.4% No

Ory13b16 AC105320 5 83700–83239 462 Intact 100% Yes

Ory13b17 AC105320 5 95533–95072 462 Intact 100% Yes

Ory13b18 AC105320 5 101403–100942 462 Intact 100% Yes

Ory13b19 AP005719 7 34844–34389 456 Intact 2SNPs No

Ory13b20 AP005719 7 36850–36395 456 Intact 100% Yes

Ory13b21 AP005719 7 38856–38401 456 Intact 6SNPs No

Ory13b22 AP005719 7 46025–45570 456 Intact 100% Yes

Ory16.1 AP003943 7 76117–76587 471 Intact 100% Yes

Ory16.2 AP003943 7 81087–81557 471 Intact 100% Yes

Ory16.3 AL928779 12 11946–12416 471 Intact 100% Yes

Ory16.4 AL928779 12 14019–14489 471 Intact 100% Yes

Ory16.5 AL928779 12 55488–59097 471 Insertionc 97.2% No

Ory16.6 AL928779 12 65741–66211 471 Prestop 100% Yes
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sequencing at a level of 4£ and assembled into supercontigs
(www.Brachypodium.org). Because of its small genome size,
Brachypodium has gained interest as a model system for the
grasses similar like Arabidopsis (Huo et al. 2009). Belonging
to the Pooideae subfamily, its low content of repeat sequences

has permitted the use of collinearity to locate the ph1 locus in
wheat (GriYths et al. 2006). We Wrst tested its collinearity
with wheat and barley prolamin gene copies. Indeed, it
became possible to align two BAC (DQ537336 and
EF426565) sequences from wheat with orthologous regions

Fig. 2 Phylogenetic analysis of 
the rice oryzein genes. Genomic 
DNA sequences of all oryzein 
genes were obtained as 
described under “Methods” and 
the names are listed in Table 1. 
A phylogenetic tree was drawn 
using MEGA4 program with NJ 
method (Tamura et al. 2007)
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of Brachypodium. Furthermore, using wheat prolamin’s
protein sequences, we identiWed additional copies of prola-
min-like sequences in Brachypodium. Three copies of brac-
hypodins [super2(13690441-13691139; 13674316-13674615;
and 13646667-13647551)] are positioned orthologous to the
HMW glutenins in wheat and D-hordein in barley, which we
called HMW-like brachypodins (Fig. 3). We also found glia-
din-like brachypodin copies syntenic to gliadins in wheat

(data not shown). These results conWrm previous assumptions
that the Brachypodium genome has reasonable collinearity
with the wheat and barley genomes and that the dispersal of
these prolamin gene copies occurred in an ancestor to the
Brachypodieae and Triticeae tribes, but after the Pooideae
subfamily split from the rest of the Poaceae (Fig. 1). On the
other hand, we could not Wnd any prolamin loci from either
the Ehrhartoideae (Oryzeae) or Panicoideae (Andropogo-
neae) in orthologous positions of the Brachypodium genome.
Therefore, in all three grass subfamilies, new loci of prolamin
gene copies arose in parallel rather than in a common ances-
tor. If this were the case, one would expect that a common
gene existed in the Poaceae shared by genomes of diVerent
subfamilies. Alternatively, one would have to assume the
older shared copies were deleted.

Evolutionary relationship of prolamins

A major challenge to the question above is the change that
occurred at the nucleotide sequence level after speciation
and to detect related sequences by homology. With more
and more plant genome sequences becoming available, a
clearer picture will emerge (Messing 2009). However, we
argued that at this stage we could cluster protein sequences
because they probably are more conserved than nucleotide
sequences due to the function of prolamins as storage pro-
teins and the molecular architecture of seeds. Although the
seed biochemistry of species like Brachypodium or millets
is lagging behind those of wheat and maize, we still can
gain preliminary insight into the evolution of structure by
assuming a conserved role of all prolamins in seed develop-
ment. We therefore reasoned that a phylogenetic analysis of
prolamins from the Ehrhartoideae, Pooideae, and Panicoi-
deae subfamilies of the grasses could be conducted at the
protein sequence level using prolamin sequences from rice,
wheat, barley, rye, Brachypodium, sorghum, and maize
(Suppl Fig. 2). The phylogenetic tree in Fig. 4 was drawn
based on such multi-alignments of protein sequences.

Based on amino acid sequence homology prolamins
essentially fall into three groups. Group I includes alpha
and delta prolamins. The alpha prolamins are only present
in Panicoideae, but not in the Ehrhartoideae and Pooideae.
One prolamin sequence from little millet (Panicum sumat-
rense) clustered with alpha zeins and kaWrins, indicating
that little millet shares with maize and sorghum an alpha
prolamin gene copy. Because alpha prolamin genes repre-
sent the youngest group among the prolamins, it is very
likely that little millet also shares with maize and sorghum
the other three prolamin groups (beta, gamma, and delta).
Previous analysis of nucleotide substitution rates of prola-
min genes indicated that the oldest alpha prolamin gene
arose 22–26 mya, long after the progenitors of the Panicoi-
deae, Ehrhartoideae, and Pooideae subfamilies split

Table 2 Oryzein gene copy number in rice and its orthology in
sorghum

Locus Rice # Sorghum #

Ory10 Chr3 3 Chr1 0

Chr11 1 Chr5 0

Ory13a Chr6 2 Chr4 0

Ory13b Chr5 18 Chr9 0

Chr7 4 Chr2 0

Ory16 Chr7 2 Chr2 0

Chr12 4 Chr8 0

Fig. 3 Sequence alignment of orthologous regions of HMW prola-
mins. Vertical bars connect conserved genes. HMW prolamin genes
are shown in red, alpha-globulin genes in green, and other conserved
genes in black. A 200-kb long retrotransposon cluster in the collinear
region of the wheat genome is deleted to allow easier alignment of
conserved genes. The orthologous regions are AC204581.3 from
maize chromosome 6 (Maize 6); 54,125,001-54,075,000 from
Sorghum 9; AC113332 from Rice 5; 13,700,000-13,640,001 from
4£ Brachypodium supercontig 2; DQ537336 from Wheat 1B; and
AY268139 from Barley 5
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(Xu and Messing 2008b). The closest related prolamins to
alpha prolamins are the delta prolamins, suggesting that
alpha prolamins have originated from delta prolamins.

The largest collection is group II, with copies in all grass
species, include gamma and beta zeins/kaWrins in maize
and sorghum, Ory13 and Ory16 in rice, Bra1 and Bra2 in
Brachypodium, S-rich prolamins (alpha-gliadins, gamma-
gliadins, gamma-hordein, gamma-secalin, B-hordein, and
LMW prolamins) in wheat, barley, and rye. Within the
group II prolamins, those of the Pooideae (wheat, barley,

rye, and Brachypodium) formed one cluster, indicating
their close relationships, and those of the Ehrhartoideae
(rice) and the Panicoideae (maize and sorghum) cluster
together, respectively, indicating that the group II prola-
mins are conserved not only in their chromosome locations
but also in their protein sequences within the grass subfam-
ilies. Group III comprises only HMW-like prolamins,
which are only present in Pooideae, include y-HMW from
wheat, D-hordein from barley, and Bra3 from Brachypo-
dium. HMW-like prolamins are much more closely related

Fig. 4 Phylogenetic analysis of 
seed prolamin storage proteins. 
KaWrins and zeins in sorghum 
and maize have been described 
recently (Xu and Messing 
2008b) and AAW82166 repre-
sents the prolamin p1C from lit-
tle millet. Amino acid sequences 
for other prolamin genes from 
wheat, barley, rye, Brachypodi-
um, and rice include: �-gliadin, 
ABS72143; �-gliadin, 
ABO37961; LMW-glutenin, 
ABO37957; �-gliadin, 
BAE20328; HMW glutenin, 
ABG68035; �-hordein, 
AAA32955; B-hordein, 
CAA37729; C-hordein, 
AAA92333; D-hordein, 
AAP31051; �-secalin, 
ABO32294; LMW-secalin, 
AAV86085; �-secalin, 
AAB58043; Bra1, supercontig 1 
(9503031-9503531); Bra2, su-
percontig 4 (9868110-9868655); 
Bra3, supercontig 2 (13462281-
13462751); Ory16, Ory16.3; 
Ory13b, Ory13b4; Ory13a, 
Ory13a2; and Ory10, Ory10.1. 
Protein sequences were aligned 
with MAFFT program (Katoh 
and Toh 2008), and the phyloge-
netic tree was drawn using 
MEGA4 program with NJ meth-
od (Tamura et al. 2007)
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to non-prolamin proteins (alpha-globulin) than to other pro-
lamins, suggesting that HMW-like prolamins could be the
oldest prolamins and the precursor of all other prolamins.

Progenitor of prolamins

If prolamins fall into three groups, are there any protein
sequence motifs that they share? Previous studies suggested
that regions A, B, and C in prolamins and some 2S storage
proteins are also present in other seed proteins like trypsin
and alpha-amylase inhibitors (Shewry and Tatham 1990).
Based on these biochemical studies it was then hypothe-
sized that storage proteins perhaps originated from an
ancestor of trypsin inhibitor. While this still could be the
case, the ABC model could be further reWned. An interim
step could be injected if the alpha globulin and the HMW
prolamin genes arose from a tandem gene duplication of a
storage protein gene followed by the divergence of each
progeny copy. Therefore, we were intrigued with Wnding an
HMW-like prolamin gene copy linked to an alpha gobulin
gene copy in wheat. The gobulins are also seed storage pro-
teins, but they are water-soluble in contrast to the water-
insoluble prolamins. Water-soluble storage proteins are
very ubiquitous and have been found in many species.
Moreover, this linkage of the two diVerent types of storage
protein genes was conserved in the orthologous regions of
barley and Brachypodium as well. Therefore, this gene pair
seems to have arisen before the progenitors of the species
belonging to the Pooideae split from the other subfamilies
of the Poaceae. However, if one aligns the orthologous
regions from species of the Ehrhartoideae (rice) and Pani-
coideae (maize and sorghum) subfamilies with these
regions in the Pooideae (wheat, barley, and Brachypo-
dium), one can Wnd only the alpha globulin gene preserved
in the syntenic position across all subfamilies, but the
HMW-like prolamin gene copy in the Pooideae is absent in

the Ehrhartoideae (rice) and Panicoideae (maize and sor-
ghum) subfamilies (Fig. 3). Moreover, this globulin gene
appears to be present in all other cereals as a single copy
gene (Nakase et al. 1996; Woo et al. 2001), although it is
missing in Arabidopsis (data not shown). The simplest
explanation would be that the HMW-like prolamin and the
alpha globulin gene arose from a progenitor gene by tan-
dem duplication. However, in the Ehrhartoideae (rice) and
Panicoideae (maize and sorghum) subfamilies the HMW-
like prolamin gene copy was lost after copies of this gene
were made and inserted somewhere else in the genome. The
unlinked copies in Ehrhartoideae (rice) and Panicoideae
(maize and sorghum) subfamilies diverged over time, but
still cluster in the same group of prolamins (Fig. 4).

If this scenario is correct, then one would expect that
phylogenetic analysis of amino acid sequences of the prola-
mins and the alpha globulin should yield a consistent rela-
tionship. Indeed, the phylogenetic tree shows that the alpha
globulin is closer to the HMW glutenins/HMW-like prola-
mins than to inhibitors of trypsin and alpha-amylase
(Fig. 5, Suppl. Fig. 3). Based on the genomic and phyloge-
netic analysis, we then can suggest that alpha globulins and
HMW-like prolamins shared a common ancestral gene and
that prolamins appear to have undergone a greater change
in structure and degree in gene ampliWcation than the glob-
ulins.

Prolamin expression and regulation

An interesting aspect of gene ampliWcation is that it
includes the regulatory Xanking sequences. In case of the
storage protein genes it ensures that the copies also express
proteins during seed development. As we can now match
EST data with individual gene copies, we also can investi-
gate changes and conservation of regulatory relative to cod-
ing sequences. It is interesting that in a previous analysis

Fig. 5 The phylogenetic tree 
was produced using MEGA4 
program with UPGMA method 
(Tamura et al. 2007). All HMW-
like prolamins and alpha-globu-
lin genes are the same as shown 
in Fig. 4. Trypsin inhibitors are 
CAA35188.1 from barley, 
ABK34470 from rice, and 
Sb02g006570.1 from sorghum. 
A tree was drawn using MEGA4 
program with UPGMA method 
with 1,000 replicates (Tamura 
et al. 2007)
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gene copies in maize have shown an uneven contribution of
gene copies to the protein composition in the seed (Xu and
Messing 2008b). For instance in maize inbred B73, out of
42 alpha zein gene copies, only 25 are transcribed, although
at drastic diVerent levels (Miclaus et al. ms in preparation).
Moreover, within maize analysis of genomic regions from
diVerent inbred lines has shown that cluster sizes can vary
through additional ampliWcations or deletions of ampliWed
copies. Allelic and non-allelic copies in diVerent haplotypes
contribute at diVerent levels to the total pool of closely
related proteins, although their tissue-speciWc expression is
well conserved (Llaca and Messing 1998; Song and Mess-
ing 2003).

In respect to the lower number of active gene copies,
there is a certain degree of similarity among zeins and ory-
zeins. Out of 34 oryzeins, 21 are transcribed. It is interest-
ing that in maize six of the transcribed genes would not
translate to full-size proteins due to premature stop codons.
In rice, two oryzeins that have premature stop codons and
one that has no start codon are transcribed (Table 1), indi-
cating that promoter regions are quite conserved, even if
transcribed mRNAs are turned over more rapidly, as
mRNAs of these defective genes in maize and rice accumu-
late at much reduced levels. On the other hand, three intact
oryzein gene copies appear not to be transcribed, indicating
that their promoters might be silenced (Table 1). Analysis
of EST collections from wheat showed that as with zeins
and oryzeins not all copies of gliadins and glutenins are
expressed (Kawaura et al. 2005). For instance, 1–3 copies
of HMW prolamin genes are silenced in wheat (Forde et al.
1985; Payne et al. 1981; Payne and Lancaster 1983).

As some prolamin gene copies with premature stop
codons are still transcribed while others are not, they
appear to be controlled at the transcriptional and/or post-
transcriptional level. As all prolamin genes are derived
from a common ancestor, function in seeds, and show simi-
lar patterns of expression, one would also expect that their
regulation would be based on conserved protein–nucleic
acids interactions. Comparison of the promoter regions of
cereal prolamin genes have yielded a common conserved
promoter element that is called the prolamin box (P-box),
located about 300 bp upstream of the translation start codon
(Boronat et al. 1986; Kreis et al. 1985; Ueda et al. 1994),
which consists of two conserved sequence motifs: the
endosperm (TGTAAAG) and GCN4-like motif (GLM)
(A/G)TGAGTCAT. All alpha zeins and kaWrins promoters
have a conserved endosperm motif, but not the GCN4-like
motif (Table 3). Gamma and beta zein/kaWrin gene promot-
ers have endosperm and GCN4-like motifs. However,
GCN4-like motifs are not in close proximity to the endo-
sperm motif (de Freitas et al. 1994). Surprisingly, the
18 kDa delta zein and kaWrin promoters have neither endo-
sperm nor GCN4-like motifs, although the 10-kDa delta

zein does have an endosperm motif. In wheat, S-rich and
S-poor prolamins have common endosperm and GCN4-like
motifs. In rice, ory13a has the entire P-box as do S-rich and
S-poor prolamins with both motifs in close proximity. Like
gamma and beta zeins and kaWrins, ory16 has not only an
endosperm motif, but also the GCN4-like motif, however,
not in close proximity to the endosperm motif. Interest-
ingly, ory13b has two conserved GCN4-like motifs, but no
endosperm motif (Table 3). HMW glutenins and Ory10
promoter regions have the conserved sequence TGCAAAG
that is similar to endosperm motif (TGTAAAG). The three
intact oryzein gene copies that are not transcribed have
common promoter regions with the transcribed ones, indi-
cating that absence of transcripts is either due to mRNA
turnover or epigenetic regulation. Therefore, prolamin
genes seem to be composed of regulatory modules that
would require diVerent transcriptional activators that either
can act alone or in combination as it has been shown for the
prolamin-box-binding factor (PBF) and the opaque-2
DNA-binding protein (O2) (Wang and Messing 1998).

Discussion

Alpha-globulin as progenitor of prolamins

Previous studies suggested that cereal prolamin genes have
diVerent origins among subfamilies of the grass family,
Ehrhartoideae (rice), Panicoideae (maize and sorghum),
and Pooideae (wheat and barley) (Fig. 1) based on
sequence similarity and antibody cross-reactivity (Okita
et al. 1988; Shyur et al. 1994). Furthermore, it was hypoth-
esized that prolamins have a common ancestor with inhibi-
tors of trypsin and alpha-amylase because of the presence
of short amino acid sequence motifs, called A, B, and C
(Kreis et al. 1985; Shewry and Tatham 1990). Using chro-
mosomal linkage information based on multiple pairwise
alignments of chromosomal regions either within subfami-
lies or across subfamilies of the grass family of species, we
discovered that an alpha-globulin storage protein was a
more recent progenitor to prolamins than inhibitors of tryp-
sin and alpha-amylase (Fig. 5, Suppl Fig. 3). The alpha-
globulin gene was not found in Arabidopsis, but it
remained a single gene in grass genomes analyzed so far,
while the donor copy for prolamins ampliWed and diverged
in parallel to the evolution of diVerent subfamilies of the
Poaceae. These Wndings are consistent with the previous
ABC model because ampliWcation and divergence of prola-
mins retained the amino acid sequence motifs A, B, and C
described earlier.

Chromosomal linkage and phylogenetic analysis indi-
cated that the HMW-like prolamin is the oldest prolamin in
cereal genomes and its gene should be present in all cereal
123



Theor Appl Genet (2009) 119:1397–1412 1407
Table 3 Prolamin promoter regions in maize (zeins), sorghum (kaWrins), wheat (gliadins and glutenins), and rice (oryzeins)

Prolamin Endosperm motif GCN4 motif TATA box Start codon

Zeins

z2�10 ¡261 CTTTACA ¡93 TATAAATA CCGCCATG

z2�18 ¡74 TATAAATA TCGCCATG

z2�16 ¡187 ATGAGTCAT ¡99 TATAAATA ACACCATG

z2�27 ¡352 TGTAAAG ¡487 GTGAGTCAT ¡104 TATAAATA ACACCATG

z2�50 ¡330 TGTAAAG AAACCATG

z2�15 ¡241 TGTAAAG ¡318 ATGAGTCAT ¡99 TATAAATG ACAGCATG

KaWrins

k2�18 ¡85 TATAAATA CCGCCATG

k2�27 ¡339 TGTAAAG ¡192 ATGAGTCAT ¡108 TATAAATA ACACCATG

k2�50 ¡334 TGTAAAG CAACCATG

k2�15 ¡300 TGTAAAG ¡486 ATGAGTCAT ¡439 ATGAGTCAT ¡138 TATAAATA GTAGCATG

Gliadins

�-gliadin ¡315 TGTAAAGT ¡300 ATGAGTCAT ¡104 TATAAATA CCACCATG

�-gliadin ¡301 TGTAAAGT ¡286 ATGAGTCAT ¡88 TATAAATA CAACCATG

�-gliadin ¡316 TGTAAAGT ¡301 ATGAGTCAT ¡103 TATAAATA CAAACATG

Glutenin

LMW ¡299 TGTAAAGT ¡284 ATGAGTCAT ¡79 TATAAATA CCAACATG

HMW ¡478 TGCAA-GC ¡581 GTGAGTCAT ¡91 TATAAAAG TCGAGATG

Oryzeins

ory10.1 ¡151 TGCAAAAA ¡195 ATGACTCAT ¡108 TATAAATA CAACAATG

ory10.2 ¡117 TGCAAAGG ¡73 TATAAATA CAACAATG

ory10.3 ¡142 TGCAAAGG ¡98 TATAAATA CAGCAATG

ory10.4 ¡154 TGCAAAGG ¡457 ATGACTCAT ¡104 TATAAATA CAGCAATG

ory13a1 ¡347 TGTAAAGT ¡334 ATGACTCAT ¡101 TATAAATA TAGCTATA

ory13a2 ¡344 TGTAAAGT ¡331 ATGACTCAT ¡100 TATAAATA TAGCCATG

ory13b1 ¡185 ATGACTCAC ¡92 TATAAATA CAGCAATG

ory13b2 ¡431 ATGAGTCAT ¡92 TATAAATA TAGCAATG

ory13b3 ¡447 ATGAGTCAT ¡92 TGTAAATA TAGCAATG

ory13b4 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b5 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b6 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b7 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b8 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b9 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b10 ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b11 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b12 ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b13 ¡445 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATG CAGCAATG

ory13b14 ¡445 ATGAGTCAT ¡92 TATAAATG CAGCAATG

ory13b15 ¡185 ATGACTCAC ¡92 TATAAATG TAGCAATG

ory13b16 ¡449 ATGAGTCAT ¡186 ATGACTCAC ¡92 TATAAATA TAGCAATG

ory13b17 ¡448 ATGAGTCAT ¡185 ATGACTCAC ¡92 TATAAATA TAGCAATG

ory13b18 ¡442 ATGAGTCAT ¡179 ATGACTCAC ¡86 TATAAATA TCGCAATG

ory13b19 ¡306 ATGAGTCAT ¡187 ATGACTCAC ¡94 TCTAAATG CAACAATG

ory13b20 ¡306 ATGAGTCAT ¡187 ATGACTCAC ¡94 TATAAATG CAACAATG

ory13b21 ¡306 ATGAGTCAT ¡187 ATGACTCAC ¡94 TATAAATG CAACAATG
123



1408 Theor Appl Genet (2009) 119:1397–1412
species. However, this HMW-like prolamin gene seems to
be present only in species of the Pooideae subfamily
(Fig. 3). Still, the alpha-globulin gene is preserved in an
orthologous position across subfamilies, both in rice and
sorghum. Therefore, the most parsimonious explanation is
that the HMW-like prolamin gene was copied and a paralo-
gous copy inserted somewhere else. Only the progenitor of
the Pooideae subfamily kept the original HMW-like prola-
min gene in the orthologous position, while progenitors for
the other subfamilies lost this gene. Indeed, it seems to be
quite common that donor gene copies can be lost when new
gene copies (younger genes) take over (Xu and Messing
2008b). Paralogous genes had greater freedom to evolve
when the donor copy is not available for copy correction,
resulting in the divergence of prolamin genes in the other
subfamilies of the Poaceae (Fig. 6). Although such copy
correction is probably infrequent, we recently showed that
such an event took place for one gene between two segmen-
tal duplications in rice, indicating non-homologous pairing
of chromosomes (Xu and Messing 2008a). Although such
events are prevented in meiosis, they could occur as mitotic
events, which could be transmitted because the germline in
plants is contiguous with reproductive tissue.

DiversiWcation of prolamins by compartmentalization 
and digestibility

Given this new perspective of ancestry of prolamins from a
globulin, it is useful to consider the compartmentalization
of storage proteins in the seed. Prolamins in maize, sor-
ghum, and rice are translated at the rough endoplasmatic
reticulum (ER) in the inner endosperm and are deposited
into protein bodies (PB) as an extension of the ER while
globulins and glutelins are further transported to vacuole-
like organelles (Li et al. 1993; Woo et al. 2001). Based on
these two locations, protein bodies are classiWed as PB-I
and PB-II, respectively. Interestingly, in the early stage of
rice seed development, alpha-globulin is present in PB-I,
but then is transported to PB-II in the immature endosperm
and sequestered in the matrix that surrounds the crystalloids
(Kawagoe et al. 2005). However, when the C-terminal
sequence of alpha-globulin is deleted, the truncated version
accumulates at high levels in PB-I (Kawagoe et al. 2005),
suggesting it recovers the prolamin targeting properties.
Therefore, one can envision that prolamins originated from
alpha-globulin by a C-terminal truncation. From a mecha-
nistic point of view, such diversiWcation could have

Table 3 continued

Prolamin Endosperm motif GCN4 motif TATA box Start codon

ory13b22 ¡306 ATGAGTCAT ¡187 ATGACTCAC ¡94 TATAAATG CAACAATG

ory16.1 ¡543 TGTAAAGT ¡278 ATGAGTCAT ¡160 ATGACTCAC ¡90 TATAAATA CAACAATG

ory16.2 ¡537 TGCAAAGT ¡277 ATGAGTCAT ¡159 ATGACTCAC ¡89 TATAAATA CAAAAATG

ory16.3 ¡182 ATGACTCAC ¡90 TATAAATA CCACAATG

ory16.4 ¡397 TGTAAAGT ¡182 ATGACTCAC ¡90 TATAAATA CCACAATG

ory16.5 ¡182 ATGACTCAC ¡90 TATAAATA CCACAACG

ory16.6 ¡397 TGTAAAGT ¡182 ATGACTCAC ¡90 TATAAATA CCACAATG

Fig. 6 Hypothetical prolamin evolution pathways in cereals. Because
of the conservation of protein structure between alpha-globulin and
HMW-like prolamin, their locations in an ancestral chromosome, and
previous studies (alpha-globulin has prolamin function with C-termi-
nal change in rice, ancient duplicated transcriptional factor O2-like and
OHP-like genes regulate prolamins and alpha-globulin, respectively),
it is hypothesized that HMW-like prolamin arose from alpha-globulin.
This speciWc order of change derives from the fact that alpha-globulin

is conserved in a syntenous position of diverged subfamilies of the
grasses, while HMW-like prolamin is not. Only the progenitor of
the Pooideae subfamily kept the original HMW-like prolamin gene in
the orthologous position, while progenitors for the other subfamilies
lost this gene after it was copied and inserted into another location,
resulting in lineage-speciWc divergence of prolamin copies. Horizontal
arrows indicate these lineages as time progresses

α-globulin HMW-like
 Prolamin
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occurred by unequal crossing over of tandem gene copies.
Indeed, we can Wnd an alpha-globulin gene linked to an
HMW-like prolamin gene in Brachypodium, wheat, and
barley (Fig. 3). Changes in protein size by unequal crossing
over of tandem copies have also been found among alpha
prolamins of maize and sorghum with 22-kDa and 19-kDa
alpha zeins/kaWrins (Xu and Messing 2008b).

Parameters for selection in protein structure could also
be based on the interaction with proteases because the func-
tion of storage proteins is to provide amino acids during
germination of the seed. Furthermore, humans would select
species based on the digestibility of proteins, again a ques-
tion of the hydrolysis of seed proteins. In addition to alpha
globulin, most of the rice prolamins are group II (gamma 2)
prolamins. However, in contrast to maize prolamins, which
are mainly alpha prolamins, rice prolamins are not easily
digestible by monogastric animals, reducing the nutritional
quality of the rice seed. Although prolamin proteins in
wheat and barley belong to the group III (HMW) and group
II (gamma 2) prolamins, they are easily digested in feed
and food. However, in contrast to rice, they are synthesized
in ER but not retained within the lumen of the rough ER
and transported into protein storage vacuoles through the
Golgi complex or by autophagy (Herman and Larkins
1999; Levanony et al. 1992). Therefore, it appears that
diversiWcation of prolamin proteins have led to structures
that accumulate in diVerent subcellular structures and com-
plexes and in such conWgurations acquired diVerent nutri-
tional qualities as well.

Another case of the loss of a progenitor gene are the
group I prolamins, which are present only in the species of
Ehrhartoideae and Panicoideae subfamilies, and absent in
the species of the Pooideae subfamily (Fig. 4), suggesting
group I prolamins are only copied in the species of
Ehrhartoideae and Panicoideae subfamilies, or lost in the
species of the Pooideae subfamily. The prolamins in species
of Panicoideae subfamily further diverged into two additional
subgroups, the delta and alpha prolamins, while prolamins
in the Ehrhartoideae subfamily did not, which might
explain that no further ampliWcation of prolamin genes
occurred in rice and as a consequence prolamins remained a
minor component in rice compared to sorghum and maize.

It is interesting that divergence also seems to occur
through tandem rather than dispersed ampliWcation of gene
copies. It appears that the degree of tandem ampliWcation
has increased with the formation of the most recent paralo-
gous gene copies. For instance, all species have group II
prolamins, which are younger than the HMW-like prola-
mins and includes large tandem clusters in rice as described
above. The Panicoideae subfamily added two new prola-
min subfamilies, alpha and delta prolamins, although
Ehrhartoideae subfamily has few copies of delta prolamins.
Again, the younger protein subfamily, the alpha prolamins,

is the larger gene family with large tandem gene clusters. In
addition to gene family size, the younger gene subfamily
also generated protein variants to seed development that
diVerentiated from a compartmentalization point of view. It
has been shown in maize that beta and gamma zein genes
are expressed earlier in development than delta and alpha
zein genes. While the beta and gamma zein accumulate at
the periphery of the protein bodies, the delta and alpha
accumulate in the inner core (Esen and Stetler 1992; Lend-
ing and Larkins 1989). Furthermore, in transgenic experi-
ments it could be shown that the early expression pattern of
beta and gamma zein genes in maize endosperm presum-
ably provide an initializing role for compartmentalization
so that delta and alpha zeins can accumulate in a stable
fashion, indicating a higher structure of protein bodies. In a
heterologous transgenic system of tobacco, alpha prolamins
needed gamma prolamins to stably accumulate and were
co-localized with gamma prolamin in ER-derived protein
bodies (Coleman et al. 1996). Although delta prolamin was
fairly stable and formed protein bodies in transgenic
tobacco, it became even more stable and accumulated at
much higher levels when co-expressed with beta prolamin;
it also was co-localized in the beta-containing protein
bodies (Bagga et al. 1997). Therefore, beta and gamma pro-
lamins as the older prolamins appear to play an important
structural and functional role for the stability of protein
bodies.

Evolution of promoters

The expression of prolamins is restricted to endosperm
cells during seed development. Studies of promoter regions
of prolamin genes have shown multiple cis-acting elements
and transcriptional activators. A major element is the
P-box conserved in most of seed prolamin storage protein
gene promoters, which contains the endosperm motif
(TGTAAAG) and GCN4-like motif [(A/G)TGAGTCAT]
(Table 3). It is believed that they are key elements in con-
trolling the endosperm-speciWc expression. The corre-
sponding transcriptional activators in maize are called
prolamin-box binding factor (PBF) and O2. PBF speciW-
cally interacts with a 5�-AAAG-3� or its complementary
5�-CTTT-3� sequence. It binds the endosperm motif and
controls the expression of prolamins and interacts with the
O2 protein as well because of the short spacing between the
two motifs (Ueda et al. 1994; Vicente-Carbajosa et al.
1997; Wang and Messing 1998; Wang et al. 1998).

The O2 protein recognizes a speciWc target site
(TCCACGTAGA) in the promoters of 22 kDa zeins (Muth
et al. 1996; Schmidt et al. 1992; Ueda et al. 1992). It can
bind to a diVerent target site (GACATGTC) in the promoters
of alpha kaWrin and alpha coixin genes (Yunes et al. 1994).
O2 has also been shown to bind GCN4-like motif in the
123
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b-32 gene (Lohmer et al. 1991), LMW-glutenin (Holdsworth
et al. 1995), gamma-zein (Marzabal et al. 1998), and rice
glutelin (Wu et al. 1998). The O2-like genes were identiWed
in other cereals, such as SPA in wheat (Albani et al. 1997),
BLZ2 in barley (Onate et al. 1999), RISBZ1 in rice
(Onodera et al. 2001), and they also can bind the GCN4-
like motif and control the expression of prolamins. Interest-
ingly, wheat SPA and barley BLZ2 can also interact with
PBF (Conlan et al. 1999; Mena et al. 1998) and, indeed,
GCN4-like motif and endosperm motif are both present in
promoters of prolamins of maize, wheat, and barley
(Table 3). The major rice prolamin ory13b has two GCN4-
like motifs (Table 3), which could explain why in rice the
RISBZ1 protein only binds to the GCN4-like motif to acti-
vate transcription without interacting with PBF (Onodera
et al. 2001).

Interestingly, a bZIP protein (REB), which is similar to
the O2 heterodimerizing protein (OHP) of maize, can bind
to the promoter sequence (GCCACGTCAG) of the alpha-
globulin gene in rice, resembling the O2 motif in the
promoter of 22 kDa alpha-zeins (Nakase et al. 1997).
Unexpectedly, we found that the REB protein is the ortho-
log of OHP1 and OHP2, which arose by an ancient seg-
mental duplication of the ancient O2 locus (t56 mya)
before the Poaceae subfamilies split 50 mya (Xu and Mess-
ing 2008a). Therefore, it appears that both the regulatory
and the target gene underwent duplication in an ancestral
species of the Poaceae, which would simplify for each tar-
get gene to diverge from each other. However, unlike the
ampliWcation and dispersal of target gene copies in parallel
of multiple subfamilies of the Poaceae, the pair of regula-
tory genes remained Wxed in their chromosomal locations.
Furthermore, the conservation of the regulation of alpha-
globulins by OHP-like genes and prolamins by O2-like
genes lends additional credence to our hypothesis that pro-
lamins arose from alpha-globulin by an ancient duplication
before the cereals split 50 mya.

Comparison to ampliWcation of disease resistance genes

Gene ampliWcation has been analyzed in several plant
genomes, but mostly in respect to disease resistance genes
(Leister 2004). These studies have investigated potential
mechanisms of gene ampliWcation. Similar to storage pro-
tein genes, disease resistance genes are thought to have
ampliWed by tandem duplication and ectopic duplication
(Meyers et al. 2003; Richly et al. 2002), here called
unlinked copies. It is interesting that older copies of disease
resistance genes also frequently become inactivated, which
has led to a model of birth and death of genes (Michelmore
and Meyers 1998). This model has been used to explain
diversifying selection and would apply to the diVerential
traYcking and digestibility of storage proteins described

above. However, in contrast to the ectopic duplication of
gene copies, it has been proposed that most duplication of
disease resistance genes might have occurred via segmental
duplication (Baumgarten et al. 2003). In this study, we can
contrast both mechanisms. In case of the regulatory gene,
O2-like genes, the model of segmental duplication appears
to be correct, whereas the syntenic alignments of storage
protein genes argue for ectopic duplication events of gene
copies (Xu and Messing 2008a).
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