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Abstract Two types of gene encoding small subunits

(SSU) of ADP-glucose pyrophosphorylase, a starch-bio-

synthetic enzyme, have been found in cereals and other

grasses. One of these genes encodes two SSU proteins.

These are targeted to different subcellular compartments

and expressed in different organs of the plant: the endo-

sperm cytosol and the leaf plastids. The SSU gene

encoding two proteins evolved from an ancestral gene

encoding a single protein by the acquisition of an alterna-

tive first exon. Prior to the work reported here, this type of

SSU gene had been found in all grasses examined except

maize. In maize, two separate genes, Bt2 and L2, were

known to have the same roles as the alternatively spliced

gene found in other grasses. The evolutionary origin of

these maize genes and their relationship to the SSU genes

in other grasses were unclear. Here we show that Bt2 and

L2 are paralogous genes that arose as a result of the tet-

raploidization of the maize genome. Both genes derive

from an ancestral alternatively spliced SSU gene ortholo-

gous to that found in other grasses. Following duplication,

the Bt2 and L2 genes diverged in function. Each took a

different one of the two functions of the ancestral gene.

Now Bt2 encodes the endosperm cytosolic SSU but does

not contribute significantly to leaf AGPase activity. Simi-

larly, L2 has lost the use of one of its two alternative first

exons. It can no longer contribute to the endosperm

cytosolic SSU but is probably responsible for the bulk of

the leaf AGPase SSU.

Keywords Starch � Maize �
ADP-glucose pyrophosphorylase

Introduction

The enzyme ADP-glucose pyrophosphorylase (AGPase)

catalyses the first committed step in the pathway of starch

synthesis in plants. It synthesizes the nucleotide sugar ADP-

glucose from glucose 1-phosphate and ATP. ADP-glucose

is the glucose donor in the reaction catalyzed by starch

synthase. Plant AGPase is a heterotetrameric enzyme

composed of two small subunits (SSU) and two large sub-

units (LSU) (Giroux and Hannah 1994 and references

within), whereas most of the bacterial AGPases, which are

involved in glycogen synthesis, are composed of four

identical subunits (Ballicora et al. 2003). The plant subunits

are closely related to one another and to the bacterial sub-

unit and they are believed to have evolved from a common

prokaryotic ancestral gene by duplication and divergence.

Many plant species have multiple genes encoding both of

the subunits. For example in rice, there are two genes

encoding AGPase SSUs and four genes encoding LSUs

(Akihiro et al. 2005). The SSU sequences from monocots

are more closely related to one another than to the SSU

sequences from dicots, suggesting that duplication of the

small subunit gene occurred after the separation of mono-

cots and dicots (Hannah et al. 2001; Johnson et al. 2003;

Patron and Keeling 2005). The LSU sequences, however,

form three distinct groups each with both monocot and dicot

members (Patron and Keeling 2005). This suggests that the

LSU genes duplicated prior to the dicot-monocot split and
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that after this, in some lineages, there were additional

duplications (Patron and Keeling 2005).

In most plant cells, ADP-glucose, like starch, is synthe-

sized exclusively in the plastids. However, in the

endosperm of cereals and other grasses (Poaceae), ADP-

glucose is also synthesized in the cytosol by an additional

cytosolic form of AGPase (Fig. 1A). Like ADP-glucose in

the plastids, ADP-glucose synthesized in the cytosol is also

destined entirely for starch synthesis. It is imported into the

plastids of the endosperm via a specific ADP-glucose

transporter (Li et al. 1992; Shannon et al. 1998; Patron et al.

2004). In all grass endosperms examined, the cytosolic form

accounts for the majority of the total AGPase activity (e.g.,

[95% is cytosolic in maize [Denyer et al. 1996]). The

importance of cytosolic ADP-glucose for starch synthesis

has also been demonstrated by low-starch mutants of maize

and barley which lack either the cytosolic form of AGPase

(Tsai and Nelson 1966; Dickinson and Priess 1969; Denyer

et al. 1996; Johnson et al. 2003) or the ADP-glucose

transporter (Shannon et al. 1998; Patron et al. 2004).

The existence of cytosolic and plastidial forms of AG-

Pase has been demonstrated in a wide range of grasses,

including economically important cereal crop plants and

wild grass species, for example, maize (Zea mays [Denyer

et al. 1996]), rice (Oryza sativa [Sikka et al. 2001]), barley

(Hordeum vulgare [Thorbjørnsen et al. 1996a]), wheat

(Triticum aestivum [Tetlow et al. 2003]), wild barleys

(Hordeum murinum and Hordeum vulgare subsp. sponta-

neum [Beckles et al. 2001]). No grass species lacking a

cytosolic form of AGPase has been identified so far and no

cytosolic AGPase has yet been found in a nongrass species.

It is therefore likely that the genes encoding the cytosolic

subunits of AGPase evolved from genes encoding plastidial

subunits in an immediate ancestor of the grasses. As far as

we know this ancestor did not give rise to any plant groups

other than the grasses.

The genes that are responsible for encoding the small

and large subunits of the cytosolic form of AGPase have

been identified in some grass species. In maize, the gene

encoding the cytosolic LSU in the endosperm is called

Shrunken2 (Sh2) (Bhave et al. 1990) and homologues of

Sh2 have been identified in sorghum and rice (Chen et al.

1998). It is possible that genes with the same function as

Sh2 exist in all grass species. However, very little infor-

mation is available for the LSU genes in other grasses.

Comparatively more is known about the identity and roles

of the genes encoding SSUs of AGPase in grasses. In rice,

where the genome sequence is known, there are two genes

encoding SSU of AGPase (Ohdan et al. 2005). Orthologues

of these two genes exist in other grasses, for example,

barley (Thorbjornsen et al. 1996b; Johnson et al. 2003), and

these two types of SSU gene are probably widespread

within the grasses. One of the barley genes (Hv2) encodes

the SSU in the embryo (Rösti et al. 2006). The other (Hv1)

was shown to encode both the cytosolic SSU in the

endosperm and the plastidial SSU in the leaves (Thorbj-

ornsen et al. 1996b; Rösti et al. 2006). This is achieved by

the use of alternative first exons to generate two slightly

different transcripts (Fig. 1B). One of the alternative first

exons encodes a transit peptide that directs the protein to

the plastid and the other has no signal sequence and so the

protein remains in the cytosol.

The genes encoding the SSU of AGPase in maize differ

from those in other grass species in several respects. First,

whereas there are only two types of SSU gene in most grass

species, in maize there are three known SSU genes (Han-

nah et al. 2001). The maize genes are Bt2, which encodes

the cytosolic SSU in the endosperm (Bae et al. 1990); L2

(also called Agpslzm), which encodes a plastidial SSU that

is expressed in leaves (Prioul et al. 1994); and Agp2 (also

called Agpsemzm), which encodes the plastidial SSU in the

embryo (Giroux and Hannah 1994). Second, in maize two

Fig. 1 A The pathway of starch synthesis in a grass endosperm cell.

In most plant cells, the enzyme ADP-glucose pyrophosphorylase

(AGPase) exists exclusively in the plastids. However, uniquely in

grass endosperm cells, there is also an additional form of AGPase in

the cytosol. Both forms carry out the same reaction and the product,

ADP-glucose (ADPG), of both is destined entirely for starch

synthesis. Filled circles indicate specific transport proteins for the

import of metabolites across the plastid membrane. B The structure of

the Type 1 AGPase SSU gene in barley, Hv1, and its two alternative

transcripts, Hv1a and Hv1b. Hv1b encodes a protein that is expressed

mainly in barley leaves. Exon 1b contains a transit-peptide-coding

sequence and so Hv1b is targeted to the plastids. Hv1a is expressed

mainly in the endosperm of barley seeds. Exon 1a does not contain a

transit-peptide-coding sequence and so Hv1a encodes a cytosolic

protein
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separate genes (L2 and Bt2) encode the major leaf and

endosperm SSUs, whereas in other cereals these proteins

are encoded by a single gene that produces two alternative

transcripts. Third, in a study of known AGPase SSU

sequences Hannah et al. (2001) suggested that the first exon

of Bt2 in maize was distinctly different from those of the

other known grass SSU genes. The aim of the work pre-

sented here was to investigate further the evolutionary

origin of the three genes encoding the SSUs of AGPase in

maize, as well as their relationship to one another and to

the two types of SSU genes in other grass species.

Materials and Methods

Plant Material

Wheat cultivar Savannah was obtained from Syngenta Ltd.

Barley cultivar Bomi was from the John Innes Centre

Germplasm Collection. Wheat and barley plants were

grown in individual pots in a controlled-environment room

at a constant temperature of 15�C, with 16 h light:8 h dark

and 70% humidity. Maize cultivars B73 and Mo17 were

from Lieve Laurens, John Innes Centre. Maize cultivar

Gaspie Flint was from Ming-Tang Chang, Iowa State Uni-

versity, Ames, USA. Maize mutant bt2-7503 was from

Professor Curt Hannah, University of Florida, Gainsville,

USA. Maize mutant bt2-414A was from Professor Martha

James, Iowa State University, Ames, USA. Maize plants for

most experiments were grown in individual pots in a

greenhouse at a minimum temperature of 12�C. Maize

(B73) plants used for reverse transcriptase PCR analysis

were grown in individual pots in a controlled-environment

room at a constant temperature of 15�C, with 16 h light:8 h

dark and 70% humidity. Rice cultivar Nipponbare was from

Barbara Worland, John Innes Centre. Rice plants were

grown in individual pots in a controlled-environment room

with 12 h light (28�C) and 12 h dark (24�C) and 90%

humidity. Tissues were used immediately or harvested

directly into liquid nitrogen and stored at –80�C prior to use.

Reverse Transcriptase PCR

RNA was purified from endosperm and leaf tissues of

barley (cv. Bomi), wheat (cv. Savannah), rice (cv. Nip-

ponbare) and maize (cv. Gaspie Flint) using TRIzol reagent

(Invitrogen, Paisley, UK) as described by the manufacturer.

cDNA was synthesized from 3 lg of total RNA using an

oligo-dT20 primer at 58�C with Thermoscript reverse

transcriptase (Invitrogen) in a total volume of 20 ll.

A 1-ll aliquot of single-stranded cDNA was used as a

template for the PCR amplification of each product.

Primer pairs were as in Table 1. Primers were designed

to be transcript-specific (this was confirmed by

sequencing the products) and to span introns (to check

that amplification of contaminating DNA did not con-

tribute to the products).

PCR was done using 2.5 U of Platinum Taq polymerase

(Invitrogen). PCR conditions were optimized for each

Table 1 Oligonucleotide primers used for RT-PCR

Transcript 50- Forward primer -30 50- Reverse primer -30

Hv1a ATAAGAGCTCATCGAAGCATGCAG CCATTCGGTACAGGTGATCTCCAG

Hv1b ACGTGCCGTGTCAGACTCCAAGAG CCATTCGGTACAGGTGATCTCCAG

Hv2 ACGAGTGTTCTTGGGATCATCCTG TCTGCTGCGCGGCGAGAACT

Barley actin AGACCTTCAACACCCCTGCTATGT CCAATCCAGACACTGTACTTCCTT

Ta1a CCAAGCGTGAACAATGCAACATTG AGTCCATTCGGTACAGGTGATCTC

Ta1b CATCCACCTCAATGGCGATGGC CAATAAGCCTGTAGTTGGCACCCAATGGCA

Ta2 ACGAGTGTTCTTGGGATCATCCTC TACAGGTGATCTCCAGCCAGAATAAGGAAC

Wheat actin CAACTGGTATTGTGCTCGACTCTG AAACATGGTAGAACCTCCACTGAG

Os1a CTCCAATGTTGCCAGCGAGCAAC GCTCTTGACAGGTGACGGTTCAGAGAG

Os1b GCGCGGTGTCCGACTCCAAGAG CTGTCTTACAGCATCTGCAG

Os2 ATTCTATCCCGGCCGCGATCTTG CGGCTTCGCCCTCTTCTTTGTCAGC

Rice Act1 CATGCTATCCCTCGTCTCG CGCACTTCCATGATGGAGTTG

Bt2a GCAGCCAATTCCAAAGCGTG GCTCTTGAGAGGTGACGGTTGAG

Bt2b GATAGCCTCAGCTTCGCCCAG GCTCTTGAGAGGTGACGGTTGAG

Agp2 GCTACGTTCCCCGGTGATCTC CAGAGTTGAACTGTGTTAGCAC

L2b CATAGCCTCCCCGTCGTCGAG GCTCTTGAGAGGTGACGGTTGAG

Maize b-actin AACTCCATCATGAAGTGTGAC GATCCACATCTGCTGGAAGG
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primer pair: 10% DMSO was required for amplification of

Hv1b, Ta1b, Os1b, Bt2b, and L2b, and 35 cycles of

amplification were used. PCR products were purified using

the QIAquick PCR purification kit (Qiagen, Hilden, Ger-

many) and sequenced directly with each oligonucleotide

primer.

Cloning and Sequencing of Ta2 cDNA

RNA was purified from developing wheat endosperm

harvested at approximately 10 days after emergence of the

anthers using Concert Plant RNA reagent (Invitrogen) as

described by the manufacturer. cDNA was synthesized

from 10 lg of total RNA using a poly(T) primer and the

Gene Racer Kit for Race (Invitrogen) according to the

manufacturer’s instructions except that Thermoscript

reverse transcriptase was used and cDNA was synthesized

at 58�C. Forward (50-TCCTAGCGGGACAGTCATATA

GAGAGGC-30 and 50-GCAACCGTCACCGCCATGTA

TATAAGCC-30) and reverse (50-AAGGCGTCCTTGAT

CACCGTG-30and 50-AACTGCGTGAGAACATAGATCT

TGGACACA-30) primers were used for 30- and 50-RACE.

Forward (50-ACGAGTGTTCTTGGATCATCCTG-30) and

reverse (50-TTGAGGCAGTTGCTGACCGGGATATCTA

T-30) primers were used for PCR amplification of the

cDNA. All PCR products were cloned into pGEM-T Easy

vector (Promega, Madison, WI, USA) for sequencing.

Amplification and Sequencing of Bt2 DNA Sequence

and Encoded Transcripts

RNA was purified from leaf tissue using TRIzol reagent

(Invitrogen) as described by the manufacturer. cDNA was

synthesized from 3 lg of total RNA using an oligo-dT20

primer at 42�C with SuperscriptII reverse transcriptase

(SuperScript II RNase H Reverse Transcriptase; Invitro-

gen) in a total volume of 20 ll. Forward (50-
CATAATTCTCGAGTTGCAAACCATG-30) and reverse

(50-GCTGTGCAGCTAAGACTTCAAC-30) primers were

used for PCR amplification of the Bt2a cDNA and forward

(50-GATAGCCTCAGCTTCGCCCAG-30) and reverse (50-
TAACCAGGTGCTGATCATTGTCG-30) primers were

used for PCR amplification of the Bt2b cDNA. DNA was

prepared from leaf tissue and forward (50-CAGG

GTACTGCAGATGCTGTAAGGC-30) and reverse (50-
CTGGTTGCACCTGGAATAACCT-30) primers were used

for PCR amplification of Bt2 genomic sequence. PCR was

done using high-fidelity polymerase Pfu Turbo DNA

polymerase (Strategene, Cambridge, UK). DMSO (10%)

was required for amplification of Bt2b cDNA. PCR prod-

ucts were purified using the QIAquick PCR purification kit

(Qiagen) and sequenced directly with each oligonucleotide

primer.

Extraction and Assay of AGPase

All steps were performed at 4�C or on ice. Approximately

0.2 g leaf tissue from maize cultivar B73, Mo17, bt2-7503,

or bt2-414A (harvested 30 days after germination) was

homogenized in 3 ml of extraction buffer containing 50

mM HEPES (pH 7.4), 2 mM MgCl2, and 1 mM EDTA.

After centrifugation for 15 min at 10,000g, the supernatant

was assayed for AGPase activity. Protein was estimated

using the Bio-Rad Protein Assay Reagent (Bio-Rad Lab-

oratories Ltd., Hemel Hemsted, UK) according to the

manufacturer’s instructions.

AGPase activity at 37�C was measured in the direction

of ADP-glucose synthesis. Assays contained, in a volume

of 200 ll, 100 mM HEPES (pH 7.6 for barley, pH 7.4 for

maize), 15 mM MgCl2, 0.25% (w/v) BSA, 0.5 U inorganic

pyrophosphatase (from baker’s yeast; Roche, Mannheim,

Germany), 0.5 mM [U-14C]glucose 1-P (500 cpm nmol–1),

1.5 mM ATP, and 15 mM 3-PGA. After 10 min, the

reactions were stopped by boiling for 2 min. Enzyme

activity was determined by measuring the ADP-[14C]glu-

cose adsorbed by DE81 paper (Whatman, Kent, UK)

following treatment with alkaline phosphatase (from E. coli

C75, Amersham, Buckinghamshire, UK) according to the

method of Ghosh and Preiss (1966). Under these optimized

assay conditions, the activity was linear with respect to

time and amount of extract added. Each extract was

assayed in triplicate.

Phylogenetic Analysis

The coding regions of AGPase SSU cDNAs were aligned

using AlignX, from Vector NTI Suite 8.0 (Invitrogen). Final

adjustments to the alignments were made by eye. The mul-

tiple sequence files were converted for use in the Phylip v3.6

package on a UNIX platform. Trees were generated using the

DNAPARS program. To obtain bootstrap values, datasets of

100 bootstraps of the aligned sequences were produced using

SEQBOOT. The resulting datasets were analyzed using the

DNAPARS program with 10 jumbles. The CONSENSE

program was used to make the consensus trees.

Results

Nomenclature

The known genes encoding SSU of AGPase in grass spe-

cies are listed in Table 2. For simplification and
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consistency, we have assigned abbreviated gene names for

all species other than maize. These names indicate whether

the gene is Type 1 (e.g., Hv1) or Type 2 (e.g., Hv2). The

two alternative transcripts encoded by the Type 1 genes are

differentiated by an ‘‘a’’ or ‘‘b’’ (e.g., Hv1a and Hv1b),

indicating that they include either exon 1a or exon 1b,

respectively. Following convention, the gene names are

italicized but the transcript names are not.

An AGPase SSU Gene Encoding Two Alternative

Transcripts Also Exists in Maize

We reexamined the genomic sequences of the three AG-

Pase SSU genes of maize looking for alternative first exons

similar to those in the Type 1 genes of barley, wheat, and

rice. In the Bt2 gene we found a previously undiscovered

exon between exon 1 and exon 2 (Fig. 2). This gene

therefore has 11 exons in total rather than 10 as described

by Hannah et al. (2001). The newly discovered exon, which

we call exon 1b, is similar to exon 1b in the Type 1 genes

of barley, wheat, and rice. It has an in-frame start codon

and a predicted transit peptide of 67 amino acids (ChloroP

[Emanuelsson et al. 1999], score 0.580; Target P [Eman-

uelsson et al. 2000], score 0.971; Predotar [Small et al.

2004], probability 0.97), and there are consensus splice

sites in the intron between exon 1b and exon 2. This sug-

gests that maize Bt2 is a Type 1 gene, and like the Type 1

genes in the other grass species, it encodes both a plastidial

and a cytosolic SSU.

Analysis of the sequence upstream of the first exon of

the maize L2 gene revealed an exon-like sequence similar

to exon 1a in the Type 1 genes (Fig. 2). Thus, L2 has a

structure similar to that of the Type 1 genes with two

alternative first exons. However, exon 1a of L2 is unlikely

to be functional. Compared to exon 1a in Bt2, it has

deletions and insertions that introduce frameshifts and a

stop codon (Fig. 2C). Thus L2, which appears to encode

one functional transcript only, probably evolved from a

Type 1 gene that encoded two transcripts.

Bt2 and L2 Arose as a Result of the Tetraploidization of

the Maize Genome

Having discovered that there are two Type 1-like genes in

maize rather than one as in other grass species, we con-

sidered the possibility that these genes, Bt2 and L2, may

have arisen as a result of the tetraploidization of the maize

genome that occurred approximately 12 million years ago

(Swigoňová et al. 2004a). Genome rearrangements and

diploidization followed tetraploidization, but approxi-

mately 72% of the modern maize genome remains

duplicated (Swigoňová et al. 2004a). To determine whether

the Bt2 and L2 genes are located within duplicated chro-

mosomal regions of the maize genome, we determined the

extent to which the neighboring molecular markers are

colinear.

The Bt2 gene is located on chromosome 4S (Teas and

Teas 1953), whereas the L2 gene is on chromosome 1L at

locus bnl17.15b (bt2) (http://www.maizegdb.org; Prioul

et al. 1994). An RFLP probe for the L2 gene (p-bt2;

relating to cDNA S72425) was shown previously to cross-

hybridize strongly with the L2 gene on chromosome 1L

and also to cross-hybridize with Bt2 on chromosome 4S

(Prioul et al. 1994). This is presumably because of the high

degree of identity (94%) between the Bt2 and the L2

sequences. The L2 probe was also shown previously to

weakly cross-hybridize with an unknown locus, bnl17.15

(bt2) on chromosome 8L (http://www.maizegdb.org).

Examination of duplicated chromosomal regions within

the maize genome that have been identified (Gaut et al.

2001; Hampson et al. 2003) showed that the region of

chromosome 1 containing L2 was paralogous to a region of

Table 2 Nomenclature of

genes and transcripts

Note. For references to previous

gene names, see text. For

simplification and consistency,

we have, in some cases,

assigned abbreviated gene

names. These gene names and

newly assigned transcript names

are used throughout the paper

Species Previous gene name(s) EMBL accession number(s) Assigned name

Gene Transcript

Rice Os08g25730 AP004459 Os1 Os1a, Os1b

Os09g12660 AY028315 Os2 Os2

Barley Hv.AGP.S.1 Z48578, Z48563 Hv1 Hv1a, Hv1b

Hv.AGP.S.2 AF537363 Hv2 Hv2

Wheat Ta.AGP.S.1 X66080, AF536819 Ta1 Ta1a, Ta1b

Ta.AGP.S.2 AY727927 Ta2 Ta2

Sorghum Sbi.3048 Sb1 Sb1a, Sb1b

Sbi.1779 BG560601, BI140940, CF428486 Sb2 Sb2

Maize Brittle2 AF334959 Bt2 Bt2a, Bt2b

L2, Agpslzm AF334960 L2 L2

Agp2, Agpsemzm AY032604 Agp2 Agp2
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chromosome 4. This region showed no significant homol-

ogy to any other chromosomal region in the maize genome.

Comparison of the genetic maps available in the Gramene

database (http://www.gramene.org) showed that this region

of chromosome 4 contains Bt2 and it also showed that

molecular markers neighboring Bt2 and L2 are colinear

(Fig. 3A).

We considered whether duplication of the Type 1 genes,

Bt2 and L2, in maize is likely to be confined to this species or

could be more widespread within the grass family. Maize is a

C4 plant and a member of the subgroup of grass species

known as the PACC clade (Grass Phylogeny Working Group

2001). The duplication of Type 1 genes in maize could be a

restricted to maize alone or it may be a feature of species with

C4 photosynthesis or of members of the PACC clade. To

examine these possibilities, we looked at the synteny among

maize, sorghum, and rice (Figs. 3B and C). Sorghum is

closely related to maize, although their ancestors diverged

prior to the tetraploidization of maize (Swigoňová et al.

2004b). Like maize, sorghum is a member of the PACC clade

and is a C4 plant. Rice is not a member of the PACC clade but

belongs to the BEP clade (like wheat and barley [Grass

Phylogeny Working Group 2001]), and it is a C3 plant.

Single syntenous regions corresponding to the duplicated

regions containing the Bt2 and L2 genes of maize were found

in sorghum and rice. Since there is no complete genome

sequence in sorghum, we cannot absolutely rule out the

presence of another Type 1 gene in this species. However, the

Fig. 2 Comparison of the

structures and sequences of

grass AGPase SSUs. The gene

names are as given in Table 2.

A The intron/exon structures of

the genes in wheat, rice, and

maize orthologous to Hv1 of

barley. Exons are shown as

boxes (numbers of first and last

bases are indicated) and introns

are shown as lines. The newly

discovered exon 1b of Bt2 is

shown in gray. The

nonfunctional exon 1a-like

sequence of gene L2 is hatched.

Numbers indicate the positions

of the exons in the nucleotide

sequence in the EMBL

accession. Note that the introns

and exons are not drawn to

scale. B Comparison of the exon

1b sequences of Hv1, Ta1, Os1,

and Bt2 and the exon 1b-like

sequence of L2. Sequences were

aligned using the program for

multiple sequence alignments

AlignX, from Vector NTI Suite

8.0 (Invitrogen). Bases identical

in all the sequences are shown

in white on black; bases

identical in at least 50% of the

sequences are shown in black on

gray. C Comparison of the

nucleotide and predicted protein

sequences of the exon 1a-like

sequence of L2 with those of

exon 1a of Bt2. Identical bases

are shown in white on black.

The asterisk in the L2 predicted

protein sequence indicates a

stop codon
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available information strongly supports the hypothesis that

Bt2 and L2 are likely to be unique to maize rather than a

feature of the PACC clade in general, that they are not

essential for C4 photosynthesis, and that they arose as a result

of tetraploidization in maize.

Phylogenetic Analysis of the Grass SSU cDNAs

Before attempting phylogenetic analysis of the AGPase

SSU transcript sequences, we obtained three new grass

SSU transcript sequences: Ta2, encoded by a wheat (Trit-

icum aestivum) Type 2 gene; and two SSU transcripts from

sorghum (Sorghum bicolor [L.] Moench), Sb1 and Sb2.

The protein encoded by Ta2 had been shown to exist

previously (Burton et al. 2002). It was partially purified

from plastids of wheat endosperm and its sequence was

shown to be very similar to that encoded by Hv2. Using the

Hv2 sequence, a full-length cDNA encoding Ta2 was

cloned (GenBank accession no. AY727927). The sorghum

SSU sequences were assembled from published EST

sequences (see Table 2).

A phylogenetic comparison of partial SSU transcripts,

lacking their first exons, is shown in Fig. 4A. This shows

that there are two distinct clades: one comprising the Type

1 transcripts and the other comprising the Type 2 tran-

scripts. Note that the two alternative transcripts encoded by

the Type 1 genes are identical in sequence when the first

exon is excluded. This analysis suggests that the Type 1

and Type 2 genes diverged before separation of these grass

lineages.

A second phylogenetic comparison of the first exons

alone is shown in Fig. 4B. This analysis revealed three

clades: one comprises the Type 1a sequences, the second

comprises the Type 1b sequences, and the third comprises

the Type 2 sequences. The Type 1b and Type 2 sequences,

which include predicted transit peptides, are similar to one

another but neither has significant similarity to the Type 1a

sequences. The origin of exon 1a is unknown. The fact that

the first exons of the Type 1a transcripts form a single clade

suggests that these exon 1a sequences (which encode the

cytosolic SSUs) have a common evolutionary origin. Thus,

the cytosolic SSU evolved only once in the grass family.

The Spatial Patterns of Expression of AGPase SSUs

To discover whether the functions of the SSUs encoded by

the Type 1 and Type 2 genes in rice, wheat, barley, and

maize are likely to be similar, we compared the expression

of the SSU transcripts in different organs of these species.

We designed primers specific for each of the known tran-

scripts from all four grass species and performed reverse

transcriptase PCR on cDNA prepared from endosperm and

leaves (Fig. 5). For transcript nomenclature see Table 2.

For Type 1 genes, an ‘‘a’’ after the transcript name indi-

cates that it contains exon 1a and a ‘‘b’’ indicates that it

contains exon 1b.

These experiments showed similar patterns of expres-

sion among species of the Type 1a, Type 1b, and Type 2

transcripts. The Type 1a and Type 2 transcripts were

present in endosperm and absent or detected with difficulty

in the leaves. In contrast, the Type 1b transcripts (including

those from the maize genes Bt2 and L2) were expressed in

Fig. 3 Colinearity among regions of the maize, rice, and sorghum

genomes containing Bt2-like genes. A diagram of the positions of

loci (shown in boldface) cross-hybridizing with an RFLP probe to

the L2 gene (p-bt2; related to cDNA S72425), together with the

positions of neighboring molecular markers. The bt2 locus on

maize chromosome 4 is the Bt2 gene and the bnl17.15b (bt2) locus

on maize chromosome 1 is the L2 gene. Orthologous sequences are

linked by solid lines. The information on map positions was

compiled from genetic maps available in the following databases:

Maize DB (http://www.maizemap.org), Gramene (http://www.

gramene.org), and The Plant Genome Mapping Laboratory

(http://www.plantgenome.uga.edu/-projects.htm#Sorghum).
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both the endosperm and the leaves. These findings are in

agreement with previous quantitative measurements of the

abundance of Type 1a, 1b, and 2 transcripts in barley (Rösti

et al. 2006) and rice (Ohdan et al. 2005). The similarity of

expression patterns supports the idea that the orthologous

AGPase SSU transcripts in grass species are likely to have

similar functions: namely, that Type 1a transcripts encode

the cytosolic SSU in the endosperm, Type 1b encode the

plastidial SSU in the leaves, and Type 2 encode the plas-

tidial SSU in the seeds.

Bt2 Makes Little or No Contribution to the AGPase

Activity in Maize Leaves

In barley leaves, the Type 1 gene Hv1 is required for[90%

of the AGPase activity (Rösti et al. 2006). In maize, we have

shown that due to the duplication of the Type 1 gene, there

are two Type 1b transcripts: Bt2b, encoded by Bt2; and L2b,

encoded by L2. RT-PCR (Fig. 5) showed that both of these

transcripts were present in maize leaves and so both could

potentially contribute to the leaf AGPase activity. To dis-

cover to what extent the Bt2b transcript encoded by Bt2 was

required for leaf AGPase activity, we compared the AGPase

activity in the leaves of two bt2 mutants with that in the

leaves of two wild-type maize lines.

The bt2 mutant alleles chosen for this experiment, bt2-

414A and bt2-7503, were ones containing lesions in the Bt2

gene that would prevent expression of the plastidial SSU

protein in the leaves as well as expression of the cytosolic

SSU protein in the endosperm. RT-PCR analysis of mutant

bt2-414A confirmed that neither the Bt2a nor the Bt2b

transcripts were produced in the leaves (data not shown).

Fig. 4 Phylogeny of AGPase SSUs. The trees were generated using a

parsimony algorithm (program DNAPARS; Phylip v3.6 software

package). Numbers are bootstrap values as a percentage of 100

bootstrap replicates. The sequences used are summarized in Table 2.

A Phylogenetic tree of grass cDNA sequences excluding the first

exon. The Arabidopsis SSU sequence (U70616) was used to root the

tree. Note that the two alternative Type 1 transcripts for each species

(e.g., Hv1a and Hv1b) are identical in sequence when the first exon is

excluded and so ‘‘a’’ and ‘‘b’’ have been omitted from the name (e.g.,

Hv1). B Phylogenetic tree of the first exons of grass AGPase SSUs.

Note that the two alternative first exons of Bt2 (Bt2a and Bt2b) and L2

(L2a and L2b) are as shown in Fig. 2. L2a is included in this analysis

even though it is not functional

Fig. 5 The expression of AGPase SSU genes in the leaves and

endosperm was determined using reverse transcriptase PCR analysis.

Transcript names are as in Table 2. Details of the materials, primers,

and PCR conditions are given under Materials and Methods. Each

reaction was repeated at least three times using different RNA

samples and the results of a typical experiment are shown. Actin was

used as a positive control to show that cDNA synthesis was

successful. E1 = ‘‘young’’ endosperm dissected from grains of

approximately 15 (barley), 12 (wheat), 17 (rice), and 74 (maize) mg

fresh weight. E2 = ‘‘old’’ endosperm dissected from grains of

approximately 37 (barley), 28 (wheat), 31 (rice), and 143 (maize) mg

fresh weight. L = leaves from young plants, prior to flowering

(barley, wheat and maize), or from flowering plants (rice). C = con-

trol reactions (contained primers, but no cDNA) to show that products

were dependent on the presence of template
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Previous analysis of mutant bt2-7503 revealed a point

mutation in the 50 splicing site of intron 3 changing GT to

AT (Lal et al. 1999). This mutation abolishes use of the

splice site and activates cryptic splice sites. To confirm the

nature of the mutation in bt2-7503, the mutant Bt2b tran-

script was sequenced and compared to the Bt2b sequences

from wild-type lines B73 and Mo17 (submitted to Gen-

Bank: DQ118037, DQ118038). We found that as a result of

abnormal splicing in the mutant, the last 23 nucleotides of

exon 3 were missing. This creates a frameshift and the

appearance of a stop codon immediately downstream from

the deletion in the predicted protein sequence. Thus neither

bt2 mutant is capable of producing a Brittle-2 protein.

The AGPase activity in the leaves of two wild-type

maize lines, B73 and Mo17, was similar: 134 ± 8 and 110 ±

11 nmol min–1 mg–1 protein, respectively (values are

means ± SE of measurements on extracts of the mid part of

the fourth leaf of five different plants harvested 4 weeks

after germination). Loss of Bt2 gene function in maize did

not result in a large decrease in AGPase activity in the

leaves. The activity in the leaves of the two bt2 mutant

lines, bt2-7503 and bt2414a, was 144 ± 10 and 109 ± 9

nmol min–1 mg–1 protein, respectively. Neither of the two

bt2 mutants had substantially less AGPase activity than

either of the two wild types studied. This suggests that the

Bt2 gene contributes very little, if at all, to the AGPase

activity in maize leaves. The bulk of the AGPase activity in

leaves is therefore probably contributed by the other Type

1 gene that is expressed in the leaves, L2.

Discussion

Here we report an investigation of the evolutionary origin

of the three genes encoding the SSUs of AGPase in maize

and of their relationship to one another and to the two types

of SSU genes in other grass species. We have concentrated

on two of the maize genes, Bt2 and L2, which replace the

single alternatively spliced SSU gene found in all other

grass species studied. We have shown that Bt2 and L2 are

paralogous genes produced as a result of the duplication of

the maize genome. Both Bt2 and L2 have (or have rem-

nants of) two alternative first exons, like those of the

alternatively spliced SSU genes in other cereal species. We

have called this type of SSU gene (with alternative first

exons) Type 1 and we have called the third maize SSU

gene, Agp2, and its orthologues Type 2. The inclusion of

new sequence information in our phylogenetic study

compared to that of Hannah et al. (2001) showed that exon

1a of the maize Bt2 gene, which encodes the N-terminus of

the Brittle-2 protein, is not unique but is orthologous with

Type 1 SSU sequences in all other cereal species exam-

ined. Thus, all of the Type 1 genes (Bt2, L2, and the

alternatively spliced SSU genes of other grasses) clearly

have the same evolutionary origin.

Despite their origins, Bt2 and L2 have both become

essentially single-function genes, each encoding one

(major) protein. Whereas in cereal species such as barley, a

single Type 1 gene encodes both the cytosolic SSU in the

endosperm and the plastidial SSU in the leaf (Rösti et al.

2006), in maize each Type 1 gene ceased to produce a

different one of the two original alternative proteins. With

Bt2, exon 1a is functional but the transcript including exon

1b may have little or no functional importance. Thus Bt2

encodes the cytosolic SSU in the endosperm but does not

contribute significantly to the AGPase activity in leaves.

With L2, exon 1b is functional but the accumulated

mutations in exon 1a make it nonfunctional. L2, therefore,

encodes only one transcript—for a plastidial SSU—and it

is likely that it accounts for much of the SSU in the leaf.

The results presented here suggest that the genes

encoding SSUs of AGPase in grasses evolved as shown in

Fig. 6. In the ancestor of the grass family, duplication of

the ancestral SSU gene gave rise to the progenitors of the

Type 1 and Type 2 genes. Previous analysis showed that

this duplication probably occurred after the separation of

eudicots and monocots (Hannah et al. 2001). This dupli-

cation provided an opportunity for the subsequent

specialization of the genes into organ-specific types (i.e.,

seed and leaf). Early in the evolution of the grasses, before

the divergence of the ancestors of the modern grasses, the

progenitor of the Type 1 genes acquired another first exon

and gained the capacity to encode two transcripts. The

independent origin of this new exon was noted by Thor-

bjornsen et al. (1996b) and Hannah et al. (2001). The

original first exon, exon 1b, encoded a transit peptide and

the protein it produced was plastidial. The new exon, exon

1a, did not encode a transit peptide and the protein pro-

duced from it was therefore cytosolic. At present, the Type

1a transcript, encoding a cytosolic protein, appears to have

little or no function in the leaves, and similarly the Type 1b

transcript, encoding a plastidial protein, has little or no

function in the endosperm. Thus, transcriptional and

translational regulatory mechanisms have arisen that

restrict the plastidial protein to the leaves and the cytosolic

protein to the endosperm. After the divergence of the

ancestor of maize from those of rice, wheat, barley, and

sorghum, the maize genome duplicated giving rise to the

paralogous genes, Bt2 and L2. Hannah et al. (2001) noted

the high level of sequence identity in the introns and the

third codon position and also concluded that these genes

were probably the result of a recent duplication. After

duplication, the two Type 1 genes in maize diverged in

function as described above.

In maize as in other grasses, the Type 2 gene, Agp2,

encodes a plastidial SSU in the seeds. Although
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tetraploidization in maize would have resulted in the

duplication of the Type 2 gene, no Type 2 gene other than

Agp2 has been described in modern maize. Possibly, after

tetraploidization, one of the duplicate Type 2 genes was

lost or became dysfunctional. The maize genome

sequencing project, launched in 2002 (Chandler and

Brendel 2002), may provide information that will shed

light on this.

Thus, the evolution of the cytosolic AGPase SSU in

maize appears to have progressed beyond that in other

grasses. The duplication of the maize genome enabled

paralogous genes to partition the functions of an ancestral

alternatively spliced gene. In maize, we find two paralo-

gous genes encoding proteins with similar enzymatic

functions but different subcellular and organ-specific pat-

terns of expression. The rapid divergence of function in

paralogous genes following genome duplication in this

manner is not uncommon (Kellogg 2003; Blanc and Wolfe

2004; Taylor and Raes 2004 and references therein).

Another example of the evolution of different subcellular

targeting information in duplicated maize genes has been

noted recently for enzymes in the porphyrin pathway

(Williams et al. 2006).

In grass species with only one Type 1 gene, the cytosolic

SSU protein has only a short sequence at the N-terminus

(encoded by exon 1a) that differs from the sequence of the

mature plastidial SSU protein encoded by the same gene.

For this reason, the evolution of different kinetic and reg-

ulatory properties for the two SSUs in these species must

have been severely constrained. These proteins operate in

different subcellular compartments and very different

organs: one in a photosynthetic organ and one in a non-

photosynthetic organ. As the conditions in the cytosol of

the endosperm are likely to be quite different from those in

the leaf chloroplasts, it would not be surprising if isoforms

in these two subcellular compartments had different kinetic

properties. It would be interesting to compare the proper-

ties of the cytosolic and chloroplastic SSUs in maize,

which are encoded by separate genes, with those of other

grass species that are encoded by a single Type 1 gene. The

cytosolic and chloroplastic SSU proteins in maize may

differ in kinetic properties more than those in other grass

species.

Maize is not the only polyploid grass species and it is

possible that duplication of the Type 1 SSU in other

polyploid grasses has also enabled divergence of function.

Wheat is one of the best-studied polyploid grass species

and has a Ta.1 gene on chromosome 7 of each of its three

genomes (Ainsworth et al. 1993, 1995). However, the

sequence of only one Ta.1 gene is known at present

(Table 2). Our preliminary studies using nullisomic-tetra-

somic lines each lacking one of the three group 7

homeologues (data not shown) suggest that at least two of

the three genomes of wheat possess transcriptionally active

Ta.1 genes and that these Ta.1 genes each produce two

alternative transcripts. The primers used in Fig. 5 amplify

products of identical size from these homologous Ta1

genes—which explains why we saw products of only one

size in these experiments (Fig. 5). Thus in wheat there is as

yet no evidence for functional divergence between the Ta1

Fig. 6 Evolution of the genes

encoding the SSU of AGPase in

the grass family. Exons are

shown as boxes and introns as

lines. Neither are drawn to

scale. The recently acquired

exon 1a is shown in white. The

now nonfunctional exon 1a-like

sequence of gene L2 is hatched

J Mol Evol (2007) 65:316–327 325

123



genes. Perhaps this is because polyploidy in wheat is a

relatively recent event compared to that in maize. The

maize genome duplicated 12 million years ago (Swigoňová

et al. 2004a), whereas tetraploid wheat arose less than 0.5

million years ago and hexaploid wheat only 8000 years ago

(Huang et al. 2002). Studies of AGPase in a wide range of

polyploid grasses will be necessary to determine whether

maize is truly unique in this respect or not.

As described in the Introduction, the available evidence

suggests that cytosolic AGPase is unique to grass endo-

sperms. Cytosolic AGPase has not been found in any organ

of the grass plant other than the endosperm (e.g., barley

leaves [Rosti et al. 2006]) or in any organ of a eudicot.

However, only a limited number of species/organs have

been studied so far and a wider examination of species/

organs may be appropriate. For example, to our knowledge

the endosperms of eudicots have not been examined.

Phylogenetic analysis suggests that the Type 1 gene

encoding the cytosolic SSU of AGPase in grasses diverged

from a gene encoding a plastidial SSU after the divergence

of monocots and eudicots (Hannah et al. 2001). Thus, if a

cytosolic AGPase is discovered in a eudicot organ, perhaps

the endosperm, this work predicts that it must have evolved

completely independently from that in the grasses, i.e., by

parallel evolution. Rather than in eudicots, it is more likely

that other monocots might possess a cytosolic AGPase

evolutionarily related to that in the grasses. In the future,

we would like to examine the AGPase SSU genes in the

endosperms of monocots closely related to grasses, such as

sedges and rushes. This will allow the age of exon 1a in the

Type 1 SSU gene to be estimated as well as showing

whether cytosolic AGPase is truly restricted to the grasses

or also present in other monocots.
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Swigoňová Z, Lai JS, Ma JX, Ramakrishna W, Llaca M, Bennetzen

JL, Messing J (2004a) On the tetraploid origin of the maize

genome. Comp Funct Genomics 5:281–284
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