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Abstract Maize domestication from teosinte (Zea mays

ssp. parviglumis) was accompanied by an increase of ker-

nel size in landraces. Subsequent breeding has led to a

diversification of kernel size and starch content among

major groups of inbred lines. We aim at investigating the

effect of domestication on duplicated genes encoding a key

enzyme of the starch pathway, the ADP-glucose pyro-

phosphorylase (AGPase). Three pairs of paralogs encode

the AGPase small (SSU) and large (LSU) subunits mainly

expressed in the endosperm, the embryo and the leaf. We

first validated the putative sequence of LSUleaf through a

comparative expression assay of the six genes. Second, we

investigated the patterns of molecular evolution on a 2 kb

coding region homologous among the six genes in three

panels: teosintes, landraces, and inbred lines. We corrected

for demographic effects by relying on empirical distribu-

tions built from 580 previously sequenced ESTs. We found

contrasted patterns of selection among duplicates: three

genes exhibit patterns of directional selection during

domestication (SSUend, LSUemb) or breeding (LSUleaf), two

exhibit patterns consistent with diversifying (SSUleaf) and

balancing selection (SSUemb) accompanying maize breed-

ing. While patterns of linkage disequilibrium did not reveal

sign of coevolution between genes expressed in the same

organ, we detected an excess of non-synonymous substi-

tutions in the small subunit functional domains highlight-

ing their role in AGPase evolution. Our results offer a

different picture on AGPase evolution than the one

depicted at the Angiosperm level and reveal how genetic

redundancy can provide flexibility in the response to

selection.

Abbreviations

SSU Small subunit

LSU Large subunit

Introduction

The origin and adaptation of crop species result from

domestication per se and subsequent genetic improvement.

Numerous studies have explored the genetic consequences

of these processes in agronomically important plants.

These studies typically aim to characterize the loss of

genetic diversity due to domestication and breeding and

to identify the genetic determinants of the cultivated
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phenotype. The loss of diversity associated with domesti-

cation and improvement bottleneck(s) covers a wide range

of variation from around 20% in maize (Tenaillon et al.

2004), to 50% in soybean (Hyten et al. 2006), 55% in

sunflower (Liu and Burke 2006), 69% in bread wheat

(Haudry et al. 2007), 80 and 90% in rice subspecies indica

and japonica, respectively (Zhu et al. 2007), and 87% in

barley (Kilian et al. 2006). In addition, several genes tar-

geted by selection during domestication and post domes-

tication processes have been identified (for a review see

Doebley et al. 2006; Glémin and Bataillon 2009). To date,

these studies have generated two important observations.

First, most genes that contribute to phenotypes associated

with domestication are transcriptional regulators, but a

broader set of genes—including transcriptional regulators

and structural genes—has contributed to varietal differ-

ences (Doebley et al. 2006). Second, selection during

domestication has often proceeded from standing genetic

variation rather than from de novo mutations, as evidenced

by the presence of cryptic variability in wild populations

for domestication-related traits (Burke et al. 2002;

Jaenicke-Despres et al. 2003; Nesbitt and Tanksley 2002;

Weber et al. 2007).

Maize has received much attention because of its

agronomic importance. Both archeological (Piperno and

Flannery 2001) and molecular data (Matsuoka et al. 2002)

suggest that modern maize arose from a single domesti-

cation event from Zea mays ssp. parviglumis (thereafter

called teosinte) around 9,000 years ago in Mexico. Once

domesticated, maize cultivation expanded throughout the

Americas and was subsequently introduced in Europe

(Rebourg et al. 2003). Overall, up to 4% of the maize

genome may have been targeted by selection and thus

potentially contributed to the cultivated phenotype (Wright

et al. 2005). Moreover, this estimate likely stands as a

lower bound given the reduced power of the methods used

to detect selection (Tenaillon and Tiffin 2008; Teshima

et al. 2006). Top-down and bottom-up approaches have led

to the identification of several genes or candidate regions

involved in the genetic determination of the cultivated

phenotype, notably genes/regions controlling the architec-

ture of the kernel, of the inflorescence and the architecture

of the plant (Clark et al. 2004; Doebley et al. 1997;

Gallavotti et al. 2004; Hanson et al. 1996; Palaisa et al.

2004, 2003; Tenaillon et al. 2004; Vigouroux et al. 2002;

Vollbrecht et al. 2005; Wang et al. 2005; Weber et al.

2007; Wright et al. 2005; Yamasaki et al. 2005; Zhao et al.

2008).

Maize strongly differs from teosinte for kernel content.

On average, starch content represents 53% of kernel dry

matter in teosinte but 73% in maize (Flint-Garcia et al.

2009). The starch biosynthesis is complex, consisting of

over 20 genes (Myers et al. 2000; Pan 2000). The upstream

part of this pathway controls starch production, whereas the

downstream part governs the ratio of amylose over amy-

lopectin that affects pasting properties and starch gelatini-

zation. This pathway has been scanned for evidence of

selection in panels of maize inbred lines in three previous

studies (Fan et al. 2009; Whitt et al. 2002; Wilson et al.

2004). Whitt et al. (2002) focused on six genes, Amylose

extender1 (Ae1), Brittle2 (Bt2), Shrunken1 (Sh1), Shrun-

ken2 (Sh2), Sugary (Su1) and Waxy (Wx). Bt2 and Sh2 genes

encode the small (SSU) and the large (LSU) subunits of the

ADP-glucose pyrophosphorylase (AGPase) expressed in

the endosperm, named thereafter SSUend and LSUend. Whitt

et al. (2002) uncovered evidence of positive selection on

three of the six genes (Ae1, Su1 and SSUend), suggesting

that these genes contribute to agronomic phenotypes. In

contrast, LSUend has evolved under strong selective con-

straint even prior to domestication (Manicacci et al. 2007).

Note, however, that the signatures of selection depend on

the sample used. For example, in Chinese inbred lines

characterized by a glutinous starch (i.e., small amount of

amylose), the waxy1 locus (wx1) was targeted by selection

(Fan et al. 2009) even though it was not found to be under

selection by Whitt et al. (2002). A limitation of these studies

however resides in the confusion of two selective steps,

domestication and plant breeding. This is critical for at least

two reasons. First, we expect different genes to have been

targeted during each process. For instance, domestication

per se may have affected starch production whereas pasting

properties may have been targeted during plant breeding.

Second, domestication is generally accompanied by strong

directional selection whereas breeding may involve diver-

sifying selection to enhance differences between varieties

(Doebley et al. 2006). The confusion between those two

types of selection may be misleading our search for the

footprints of selection.

In the present study, we focus on genes encoding AG-

Pase, the enzyme that catalyzes the rate-limiting reaction

that leads to the production of ADP-glucose from Glucose-

1-phosphate and ATP. In maize, six paralogous genes are

known to encode AGPase. They all derive from a single

ancestral gene that has undergone several rounds of

duplication, including a first duplication common to all

terrestrial plants (Georgelis et al. 2008; Patron and Keeling

2005) that led to the specialization of a large and a small

subunit (LSU and SSU, respectively), and a last duplication

specific to maize (Rosti and Denyer 2007). The three pairs

of paralogs are expressed in different tissues, one pair

being mainly expressed in the endosperm cytosol, LSUend

(Shrunken2 or Sh2; Bhave et al. 1990) and SSUend (Brittle2

or Bt2; Bae et al. 1990), one in the embryo plastids,

hereafter LSUemb (Agplemzm; Giroux et al. 1995) and

SSUemb (AGP2 or Agpsemzm; Giroux and Hannah 1994;

Hannah et al. 2001), and one in the leaf plastids, hereafter
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LSUleaf and SSUleaf (L2 or Agpslzm; Hannah et al. 2001;

Prioul et al. 1994).

AGPase catalysis and regulation have been investigated

in E. coli (Ballicora et al. 2007; Bejar et al. 2006; Lee and

Preiss 1986) and potato tubers (Fu et al. 1998; Ballicora

et al. 1998; Frueauf et al. 2003; Kavakli et al. 2001; Kim

et al. 2007). The studies have identified regions crucial for

enzyme activity, including sites of substrate fixation, cat-

alytic sites and allosteric regulation motifs. In maize,

mutagenesis experiments have also defined important

functional domains, such as the LSUend C terminus region

involved in the enzyme allostery (Giroux et al. 1996), the

SSUend N terminus involved in enzyme stability (Line-

barger et al. 2005), and the between-subunit-interaction

region involved in allosteric regulation (Boehlein et al.

2010; Georgelis et al. 2009).

Thus far, only AGPase paralogs that are expressed in the

endosperm have been investigated with regard to genetic

diversity and selection during maize domestication and

breeding. Most of the starch resources used during the

heterotrophic stage of the seedling growth is provided by

the endosperm, but it may be of interest to study the non-

endosperm versions of the genes. For example, starch

accumulation in the embryo may also play a role in seed-

ling development and fitness. Moreover, transient starch is

produced in leaves during photosynthesis and hydrolyzed

at night, providing the plant with sugar supplies throughout

the night (Zeeman et al. 2007). Leaf-expressed AGPase is

reversibly activated by a redox post-translational reaction

(reduction of a disulfide bridge between small subunits),

leading to a partial activation during the day and inacti-

vation during the night (Hendriks et al. 2003; Geigenberger

et al. 2005).

Because, AGPase activity is essential in all three organs

that produce starch and because starch content and quality

were likely targeted during maize domestication and

breeding, we decided to investigate patterns of selection

across the three pairs of duplicated genes before, during,

and after domestication. As a first step, we characterize the

sequence of the unknown large subunit paralog expressed

in leaves and confirm its identification through comparative

expression analysis among paralogs. We then sequence a

*2 kb homologous region of the six paralogs in panels of

teosinte, landraces and inbred lines. In each pair, we ana-

lyzed a common sample of individuals belonging to each of

the three panels. This sequenced region represents part of

the coding portion of the gene, including some of the sites

that were identified as associated with starch viscosity and

amylose content in LSUend (Wilson et al. 2004). We search

for selection in these data by accounting for demographic

effects using a previously published data set containing

sequencing information in 580 ESTs (Wright et al. 2005).

Finally, we studied coevolution between subunit genes

preferentially expressed in the same organ, paying specific

attention to a previously characterized motif of 55 amino

acids that plays a crucial role in the interaction between

AGPase subunits (Cross et al. 2005; Hwang et al. 2005).

Materials and methods

We evaluated DNA sequence diversity at six paralogous

genes encoding the small (SSU) and large (LSU) AGPase

subunits expressed in different organs: the endosperm, the

embryo and the leaf. For the sake of clarity, paralogous

gene names were coded according to the subunit type

(small or large) and their major organ of expression.

LSUleaf identification

Because LSUleaf was not identified prior to our study, we

performed a Blastn search using the sequence of the

AGPase large subunit gene expressed in Hordeum vulgare

leaves as a query (acc. U66876). We retrieved a cDNA

sequence from NCBI (http://blast.ncbi.nlm.nih.gov/Blast.

cgi) corresponding to the 30 end of the gene (acc.

AY108622) and a genomic sequence from maizeGDB

version 4 (http://www.maizegdb.org/) corresponding to the

50-end part of the gene (acc. AZM4_51892). We then

concatenated both sequences to design specific primers for

sequence amplification in all panels. To confirm that this

sequence was preferentially expressed in leaves, we per-

formed an RT-PCR expression assay.

Expression assay

We compared the expression profiles of the six paralogous

genes (SSUend, LSUend, SSUemb, LSUemb, SSUleaf, and

LSUleaf) in several organs using semi-quantitative reverse

transcription (RT)-PCR. This experiment was conducted

using the inbred line MBS847 (Mike Brayton Seeds

breeding company). RNA was extracted from organs in

which the genes are supposedly preferentially expressed,

namely the endosperm (dissected from kernels collected

21 days after pollination), the embryo (dissected from

kernels collected 21 days after pollination) and the leaves

(including young autotrophic leaves, heterotrophic leaves

and the ear leaf) as well as six other organs including

spathes, silks, ovules, young kernels (collected 3 days after

pollination), pollen grains and roots. Total RNA was

extracted using the RNeasy plant mini kit (Qiagen) and

DNase-treated according to the manufacturer’s instructions

(Ambion). First-strand cDNA synthesis was carried out

with the RevertAid Moloney murine leukemia virus

reverse transcriptase (Fermentas) and random hexamers

(Pharmacia) using 5 lg of total RNA. 2.5 9 105 copies of
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GeneAmplimer pAW109 RNA (Applied Biosystems) were

added to each reaction as a positive control RT. Constitu-

tive expression of 18S ribosomal gene was then used to

standardize cDNA quantity among organs. Expression of

18S was tested in a 25 ll reaction mix containing Taq

buffer, 3 mM of MgCl2, 200 lM of dNTP, 0.5 lM of each

primer, and 1.25 units of Taq polymerase (Qiagen). Ther-

mocycling conditions were 5 min at 94�C, then 10 cycles

of 94�C for 30 s, 60�C for 30 s, 72�C for 30 s, the final

elongation step was 72�C for 5 min (PCR primers forward

50-STD5-30 and reverse, 50-STD6-30). To control for suc-

cessful reverse transcription in each sample, the same PCR

conditions were applied using GeneAmplimer pAW109

PCR primers (50-CATGTCAAATTTCACTGCTTCATC-30

and 50-TGACCACCCAGCCATCCTT-30) with 27 cycles.

Specific primers were designed for the six paralogous

genes (Online Resource 1) and tested for specificity by

sequencing PCR amplification products obtained from

genomic DNA before being used in RT-PCR assays.

Because alternative splicing of the exon 1 of SSUend leads

to a cytosolic form expressed in endosperm and an addi-

tional minor plastidial form expressed in leaves (Cossegal

et al. 2008; Rosti and Denyer 2007), we designed two pairs

of primers that specifically amplify each form (Online

Resource 1). Genes were amplified in a 25 ll reaction mix

containing Taq buffer, 200 lM of dNTP, 0.4 lM of each

primer, 1 unit of Taq polymerase (Qiagen) and additional

MgCl2 at various concentrations depending on the gene

(200 lM for SSUend, 100 lM for LSUend, 150 lM for

SSUemb, 100 lM for LSUleaf) as well as 19 Q buffer

(Qiagen) for SSUleaf and LSUleaf. The number of PCR

cycles for each gene (Online Resource 1) was adjusted to

be in the linear phase of amplification in the main organ of

expression, i.e., the product was visualized on agarose gels

stained with ethidium bromide, and the number of cycles

was defined in order to obtain a band of comparable

intensity as the 20 ng band of the SmartLadder Mr marker

(MW-1700; Eurogentec).

Plant material

Paralogous genes expressed in embryo and leaves (SSUemb,

LSUemb, SSUleaf, and LSUleaf) were sequenced in a com-

mon sample containing 26 inbred lines and 12 landraces

(Online Resource 2). Inbred lines and landrace accessions

were chosen in a core collection defined by SSR analysis

by Camus-Kulandaivelu et al. (2006). Because data from

LSUend were already available for an extended sample of

51 inbred lines and seven landraces (Manicacci et al.

2007), we sequenced its partner, SSUend, in this same

sample, which differs substantially from the one sequenced

for the two other pairs of paralogs. Finally, a common

sample of 15 teosintes was sequenced across all six

paralogs. The sequence data obtained, by using genomic

DNA extracted from leaf material, were deposited in the

EMBL/GenBank Data Library under accession numbers:

DQ019876–DQ019928, HM749333–HM749341 for LSUend,

HM749342–HM749614 for SSUend, SSUemb, LSUemb,

SSUleaf, and LSUleaf. One individual of Tripsacum dactylo-

ides was used as outgroup (CIMMYT accession 4563).

DNA amplification, cloning, and sequencing

For the six paralogous genes (SSUend, LSUend, SSUemb,

LSUemb, SSUleaf, and LSUleaf) we PCR-amplified a

homologous genomic region spanning *2 kb and con-

taining both introns and exons (Fig. 1). PCR conditions and

primers are available from Online Resource 3. For inbred

lines, direct sequencing of PCR product was performed by

Genoscreen (Lille, France) or GENOME EXPRESS, Inc.

(Grenoble, France). For landraces, teosintes and Tripsacum

dactyloides, which are potentially heterozygous, PCR

products were cloned either using the pGEM-TA (Pro-

mega) or the TOPO cloning (Invitrogen) technology and a

single clone was sequenced. We verified singleton poly-

morphisms either by direct resequencing on genomic DNA,

searching for the presence of double versus single peaks, or

by reamplifying, recloning, and resequencing several

clones per individual when frequent indels prevented us

from reading bi-allelic sequences (this last procedure was

applied for LSUend). Singletons that could not be verified

were considered as PCR errors and corrected in the

Fig. 1 Structure of the paralogous genes encoding AGPase small

(a) and large (b) subunits in endosperm, embryo and leaf. Boxes
symbolize exons, separated by lines representing introns. Vertical
dashed lines connecting genes indicate homology in exonic regions.

Shaded areas correspond to the regions that were sequenced in this

study
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alignments. Sequences were assembled and aligned into

contigs using Staden v.5.1 (Staden 1996) and manually

edited using BioEdit v.4.8.8 (Hall 1999). Coding regions

were assigned in all six genes according to previously

described ORFs in the LSUend (Shaw and Hannah 1992),

SSUend (Bae et al. 1990), and SSUleaf (Prioul et al. 1994).

Note that coding regions are well conserved among genes

encoding a given subunit, which facilitates their

annotation.

Mapping

In order to validate the mapping position of each amplified

fragment, polymorphisms between inbred lines B73 and

Mo17, or between FV2 and F252, were used to map the

fragments using the mapping populations IBM or LHRF,

respectively, available at UMR de Génétique Végétale, Le

Moulon (Falque et al. 2005). This allowed for validating

the position of the LSUend on chromosome 3 bin 09 (Bhave

et al. 1990), SSUend on chromosome 4 bin 05 (Teas and

Teas 1953), and SSUleaf on chromosome 3 bin 07 (Causse

et al. 1996). The LSUleaf was located on chromosome 1 bin

09–10, as expected from the genomic sequence (AZM4-

51892). Genes expressed in the embryo were located on

chromosome 6 bin 07 and chromosome 2 bin 06–08 for

LSUemb and SSUemb, respectively.

Nucleotide diversity and differentiation

We estimated per site nucleotide diversity p (Nei 1987) and

Watterson’s h (1975) at all sites or silent sites (pTOT, psil,

hTOT, hsil) using DnaSP v5 software (Rozas 2009) on four

panels: American lines, European lines, landraces, and

teosintes (Online Resource 3). Significant differences in

diversity between panels were assessed by a 1,000-repli-

cate permutation procedure. Nucleotide differentiation

between panels was measured by Fst and Ks* (Hudson

et al. 1992) and their significance was estimated from a

1,000-replicate permutation procedure following Achaz

et al. (2004). Owing to the fact that we sequenced a

homologous region (Fig. 1) among paralogs that derived

by duplication from a single ancestral copy, we expect to

control for structural constraints linked to the partition in

introns and exons and the presence of particular functional

domains.

Neutrality tests

We tested whether deviation from neutrality was detectable

before, during, or after domestication by applying neu-

trality tests to the different panels that trace back maize

evolutionary history: teosintes, landraces, American and

European inbred lines. To assess whether selection

occurred during domestication or breeding we compared

teosintes to landraces, and landraces to inbred lines

respectively. To increase statistical power, we also per-

formed neutrality tests after grouping all cultivated maize

(landraces and inbred lines) in a single panel.

Neutrality tests included Fu’s Fs (1997), Tajima’s

D (Tajima 1989), Fu and Li’s F and D (1993) and Fay and

Wu’s H (2000). All tests were computed in DnaSP v5

(Rozas 2009) except Fay and Wu’s H which was computed

online using Guillaume Achaz’ website (http://wwwabi.

snv.jussieu.fr/achaz/neutrality-test.html). Tripsacum dac-

tyloides was used as outgroup when required (Fu and Li’s

D and F, Fay and Wu’s H). As recombination influences

the significance of all tests, we estimated the population

recombination rate, C, using LDhat v2.1 (McVean et al.

2002) for all panels and averaged these likelihood esti-

mates over five simulations. P values for the neutrality tests

were obtained using the coalescent simulator of DnaSP v5

with recombination.

We performed a multilocus likelihood HKA test (Wright

and Charlesworth 2004) which accounts for differences in

mutation rate between loci. We compared the likelihood of

a model in which our AGPase loci were neutral against a

model in which they were under selection. Besides testing

for deviation from neutrality at the focus loci, we estimated

k, the degree to which the diversity level increased (k [ 1)

or decreased (k \ 1) under selection. We compared AG-

Pase genes to 11 reference loci that had been previously

sequenced on a sample of 9 tropical or dent American lines

(Tenaillon et al. 2001). Because control loci were

sequenced on American lines, we only considered Ameri-

can lines in our sample (see Online Resource 2 for further

details). We first applied the HKA test considering 11

control neutral loci and one of the six AGPase loci

(SSUend, LSUend SSUemb, LSUemb, SSUleaf, LSUleaf)

independently, and further considered nested models in

which several AGPase loci can be simultaneously consid-

ered as targeted by selection.

We also conducted the McDonald and Kreitman (1991)

test on coding regions to compare variation within a panel

(polymorphism) to the divergence from the outgroup at

synonymous and non-synonymous sites using DnaSP v5.

Four different panels were tested: inbred lines (Ameri-

can ? European), landraces, cultivated maize (in-

breds ? landraces) and teosintes. We also tested for

deviation from neutrality in cultivated maize by comparing

all pairs of genes within LSUs and within SSUs, leading to

three McDonald–Kreitman tests for SSU gene copies and

three tests for LSU gene copies. Before executing this latter

test, we controlled for non-saturation of the data among

paralogous lineages using PAML v4 software (Yang 2007).

Finally, in order to assess deviation from neutrality in

functional domains involved in regulation and interaction,
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as opposed to the other gene regions, we first aligned the 3

full-length coding regions retrieved from GenBank for

paralogs encoding SSUs (1.35 kb) and LSUs (1.30 kb),

respectively. We then compared in the two alignments the

number of synonymous and non-synonymous substitutions

in functional domains versus the rest of the sequence using

a v2 test with 1 degree of freedom.

Linkage disequilibrium

Linkage disequilibrium among polymorphic sites exclud-

ing non-informative sites (singletons) was investigated

using TASSEL v2.1 software (Bradbury et al. 2007),

considering inbred lines, landraces, cultivated maize or

teosintes. Significance of the square correlation coefficient

(r2, Weir 1996) was determined using two-sided Fisher’s

exact test and 10,000-replicate permutation test (Weir

1996).

Use of a genome-wide data set as control

In order to account for the demographic effect caused by

the domestication bottleneck, we compared our observed

values of hTOT, pTOT, Fst and Tajima’s D to values pre-

viously reported in a genome-wide data set. To do so, we

reanalyzed a data set produced by Wright et al. (2005)

where 774 ESTs were sequenced over 100 to 900 bp in a

sample of 14 American lines and 16 teosintes. From this

data set, we isolated a sample of 580 ESTs based on the

following criteria: (1) each alignment contained at least 8

sequences of inbred lines and 8 sequences of teosintes and

(2) loci with evidence of selection according to Wright

et al. (2005) were discarded. Based on the analysis of these

580 ESTs, we obtained distributions for hTOT, pTOT and

Tajima’s D in American lines and teosintes, respectively.

Among those 580 loci, we used 502 loci that fulfilled the

conditions mentioned above both in American inbreds and

teosintes to calculate the distribution of the differentiation

between American lines and teosintes as measured by Fst

(Hudson et al. 1992) using SITES (Hey and Wakeley

1997). Note for medians and 95% confidence intervals (CI)

were calculated from those distributions and the CI was

used to assess significance of the departure from neutrality.

We compared these distributions to the data obtained for

the six paralogous genes on the American line and teosinte

panels.

We further used Wright et al. (2005)’s data set to

quantify the reduction of diversity due to the domestication

bottleneck on hTOT. To do so, we estimated the value of the

multilocus maximum likelihood of hTOT (MLh) using the

recursion equations of Hudson et al. (1992) implemented

by Theta Curve, a perl script kindly provided by

Ross-Ibarra (http://www.plantsciences.ucdavis.edu/faculty/

rossibarra/code/files/0503c041bb15048e0ec5d31f656b923f-10.

html) for American lines and for teosintes, respectively.

We slightly modified the perl script to calculate a likeli-

hood value of hTOT per base pair at each of the 502 loci and

then sum the log-likelihood across loci. The bottleneck

effect on hTOT was measured as the ratio of the multilocus

MLh estimated from American lines over the multilocus

MLh estimated from teosintes. Again, multilocus MLh
estimated from American lines and teosintes and the

reduction of diversity from American and teosintes were

compared to observed values for the paralogous AGPase

genes.

Results

Validation of LSUleaf paralog and expression profiles

We identified through database search a putative large

subunit paralog of the ADP-glucose pyrophosphorylase

(AGPase) expressed in leaves (LSUleaf). Using semi-

quantitative RT-PCR, we compared its expression pattern

to the expression pattern of the 5 paralogous genes previ-

ously identified SSUend, LSUend, SSUemb, LSUemb and

LSUleaf. The expression pattern of the putative LSUleaf

gene was different from the other paralogs and its

expression in leaf tissues was substantial. Both observa-

tions were consistent with the putative LSUleaf being the

gene encoding the large subunit expressed in the leaf. In

addition, we observed that the two partners, LSUleaf and

SSUleaf exhibited similar expression profiles (Fig. 2) sug-

gesting that both genes participate in the elaboration of a

single AGPase. Note that LSUleaf was also expressed in the

embryo and overall exhibited a broader expression pattern

than the two other large subunit genes, LSUemb and LSUend

that were exclusively expressed in 21 DAP embryo and

21 DAP endosperm, respectively (Fig. 2). Finally, the

expression of SSUend and SSUemb, although predominant in

endosperm and embryo, respectively, also extended to

other organs (Online Resource 4).

Sequence polymorphism data

All 6 loci were sampled in C26 inbred lines, C7 landraces

and in C15 teosintes but some individuals proved difficult

to amplify for some loci, even with several different PCR

primers and primer combinations. Because most analyses

were carried out within a locus, differences in the sample

did not affect our outcome. However, for some tests,

comparisons between paralogs expressed in the same organ

were useful, and we therefore also defined a common

sample for each pair of paralogs encompassing 24, 21 and

25 inbred lines; 12, 11 and 7 landraces; and 12, 10 and 7
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teosintes for the paralogs expressed in the leaf, embryo and

endosperm respectively (Table 2). All neutrality tests were

performed with both the entire sample of inbreds, land-

races, and teosintes for each locus, and the pairwise com-

mon sample as defined above (referred to as the common

sample throughout the text). We reported results only for

the entire sample and reported those from the common

sample only when they differed from the former.

One of the goals of our study was to compare levels of

genetic diversity among the panels tracing back maize

history, i.e., teosintes, landraces, American, and European

lines in each paralog. Depleted levels of genetic diversity,

for instance, can be indicative of past positive selection.

However, because genome-wide demographic effects

associated with repeated bottlenecks, accompanying

domestication and breeding, generate loss of diversity, it is

important to analyze patterns of genetic diversity in a

genomic context. Typically, non-selected AGPase genes

should have levels of nucleotide diversity consistent with

the genome-wide level of diversity, whereas AGPase genes

selected before, during or after domestication should

exhibit a locally more severe loss of diversity in the cor-

responding panel. We undertook three approaches to study

whether levels of nucleotide diversity may have been

shaped by selection during the processes of domestication

or breeding.

First, we built empirical distributions of hTOT in teos-

intes and American lines from a genome-wide survey of

580 ESTs (from Wright et al. 2005) and placed our

observed values of hTOT on these distributions. Values

observed for all six paralogous genes in American lines

were included in the 95% CI of the empirical hTOT distri-

bution. Similarly, hTOT values observed in teosintes were

included in the 95% CI of the empirical distribution. Thus,

this approach provides little indication that the six AGPase

genes deviate from background diversity levels.

Second, we estimated from the same genome-wide

survey the genomic effect of the combined domestication/

breeding bottleneck (from teosintes to American lines) on

nucleotide diversity as the ratio of the multilocus likelihood

estimate of hTOT in American lines (average hTOT =

0.00871) over the multilocus likelihood estimate of hTOT in

teosintes (average hTOT = 0.01119). This ratio (0.78)

indicated that 78% of the teosinte variation was captured

by American lines. In other words, the genome-wide

reduction of diversity in coding regions from the Wright

et al. data (2005) was *22%. On average, observed values

for AGPase genes exhibited a higher loss from teosintes to

American lines for the small subunit paralogous genes

(63.9%) than for the large subunit paralogs (36.1%, Fig. 3).

The highest decrease was observed for the SSUend (84.8%).

Third, to evaluate the significance of the diversity loss at

successive stages (from teosintes to landraces, from land-

races to American inbred lines and from American to

European inbred lines), we performed resampling tests that

examined each gene individually (see ‘‘Materials and

methods’’). This permutation procedure revealed a signif-

icant loss of diversity from teosintes to landraces except for

Fig. 2 Semi-quantitative RT-

PCR profiles of LSUend (a),

LSUemb (b), LSUleaf (c) and

SSUleaf (d) paralogous genes in

11 organs. 1 heterotrophic leaf;

2 autotrophic leaf; 3 ear leaf; 4
spathe; 5 silk; 6 ovule; 7 kernel

3 days after pollination (DAP);

8 embryo 21 DAP; 9 endosperm

21 DAP; 10 pollen; 11 root;

L molecular size ladder
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LSUend and SSUleaf (Fig. 3). However, the reduction in

diversity was not significant from landraces to modern

inbred lines or from American to European inbred lines for

any of the six genes. Therefore, the only discernible signal

of selection by this method is associated with domestica-

tion. Note that an unexpected significant gain of diversity

from landraces to inbred lines was observed in LSUemb

(?340%, Fig. 3).

Differentiation

If selection and/or drift drives the evolution of a locus

during domestication or breeding, we expect a higher dif-

ferentiation between teosintes and landraces, or between

landraces and inbred lines, respectively. In other words,

two panels may exhibit a similar level of diversity but may

be highly differentiated because of contrasted allele fre-

quencies driven by selection and/or drift. In order to

investigate differentiation between panels, we followed the

same rationale as described above first by performing

resampling procedures, and second by comparing our data

to a genome-wide survey.

Using a resampling procedure, we found that four par-

alogs presented a significant differentiation between teos-

intes and landraces: SSUend (Ks
* = 2.014, P \ 10-3),

LSUemb (Fst = 0.155, P = 2.3 10-2; Ks
* = 1.572, P \

10-3), SSUleaf (Fst = 0.130, P = 1.1 10-2; Ks
* = 2.336,

P = 3.0 10-3) and LSUleaf (Fst = 0.172, P = 1.8 10-2;

Ks
* = 2.579, P = 9.0 10-3). Only SSUleaf presented a

significant differentiation between landraces and inbred

lines (Fst = 0.189, P = 3.0 10-3; Ks
* = 2.063, P =

8.0 10-3) and no differentiation was found among inbred

lines from the two continents. The genome-wide differen-

tiation between teosintes and American inbred lines was

evaluated from 502 ESTs using a one-sided test for Fst.

The comparison of our observed values at six paralogs to

the genome-wide distribution of Fst values evidenced an

unusual high level of differentiation, above the 95% CI, at

SSUend (Fig. 4a).

Overall, our results were in good agreement with a

mild effect of the breeding bottleneck. Four paralogs

(SSUend, LSUemb, SSUleaf, LSUleaf) displayed strong dif-

ferentiation between teosintes and landraces. SSUend was

the most extreme outlier. Because the examination of

European and American lines revealed neither a signifi-

cant loss of diversity nor a significant differentiation, we

pooled them in a single inbred line panel for subsequent

analyses.

Am. lines
Eu. lines
Landraces
Teosintes

0.02

0.016

0.012

0.008

0.004

0

***

*****
-81.9% -49.7%

-81.9%
***

+340%
**

-48.7%

SSUend SSUemb SSUleaf LSUend LSUemb LSUleaf

θ T
O

T

Fig. 3 Nucleotide diversity (hTOT) among American lines, European

lines, landraces and teosintes at the six AGPase paralogous genes.

Differences in nucleotide diversity between teosintes and landraces

and between landraces and inbred lines were tested by a permutation

procedure (*P \ 5%, **P \ 1%, ***P \ 1%). Only significant

results are shown. Arrows pointing to the Y-axis indicate multilocus

likelihood estimates of hTOT among American lines (light gray) and

teosintes (black) from 580 neutral loci
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Fig. 4 Frequency distributions estimated from neutral loci for

a nucleotide differentiation as measured by Fst between American

lines and teosintes (502 loci were used), b Tajima’s D in teosintes

(580 loci were used) and c Tajima’s D in American lines (580 loci

were used). Dotted vertical lines indicate 95% distribution limits

[one-sided test in (a) and two-sided test in (b) and (c)]. Values for

each AGPase paralog are indicated by vertical arrows
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Deviation from neutrality: frequency spectrum,

haplotype structure and linkage disequilibrium

In addition to the description of nucleotide diversity and

differentiation, several tests (reviewed in Nielsen 2005)

were applied to evaluate the deviation from neutrality at

the six AGPase paralogous genes among teosintes, land-

races, and inbred lines (Table 1). Some tests relied on the

frequency spectrum such as Tajima’s D, Fu and Li’s F and

D, Fay and Wu’s H and others relied on the haplotype

structuring such as the Fu’s Fs. Typically, directional

selection (positive or negative) increases the proportion of

low frequency variants in the region surrounding the causal

mutation, producing negative Tajima’s D and Fu and Li’s

F and D values. An opposite pattern is expected under

balancing selection. Positive selection also tends to

increase the proportion of high frequency derived variants

that are hitchhiked with the causal mutation, resulting in

negative Fay and Wu’s H values. Finally, selection

increases transiently the correlation among alleles from

different loci, thereby creating extended linkage disequi-

librium, and a correlative deficit in haplotypes (positive

Fu’s Fs values).

Because most of these tests are not robust to demo-

graphic factors such as bottlenecks (Nielsen 2005), we

compared the Tajima’s D values observed for the AGPase

paralogs to the distributions of Tajima’s D for 580 neutral

loci in teosintes and American lines. A significant positive

value for Tajima’s D denotes an excess of balanced vari-

ants whereas a significant negative value of Tajima’s

D denotes an excess of rare variants. To detect both kinds

of deviations from neutrality, we performed a two-sided

test.

Note that Tajima’s D exhibited a broader distribution in

American lines (Fig. 4c), with a positive median compared

to teosintes (-0.52; Fig. 4b). It likely resulted from the loss

of rare variants through the domestication and/or plant

breeding bottlenecks that led both to higher Tajima’s

D values and a wider variance, since drift intensity is

expected to vary among genomic regions (Tenaillon et al.

2004; Wright et al. 2005). We present below the results of

the neutrality tests performed at each locus for the teosinte,

the landrace and the inbred panels, respectively.

Evidence of selection among teosintes with negative

Tajima’s D, Fu & Li’s D and F values was detected for

SSUleaf (Table 1). However, the Tajima’s D value fell

within the distribution for neutral loci (Fig. 4b) and there

was no evidence of significant LD between sites in the

teosinte panel (Fig. 5a) suggesting that the bias in allele

frequency may be due to demographic rather than selective

effect. The only significant test for LSUend was the nega-

tive Fu’s Fs that indicates an excess of haplotypes. This

statistic was slightly higher (-3.581) and not significant

when using the common sample of 7 teosintes out of the

12. Although not significant, the tendency shown by the

negative values of Tajima’s D and Fu and Li’s D and

F suggested that LSUend may have evolved under purifying

selection long before domestication, consistent with what

was previously reported by Manicacci et al. (2007).

Among landraces, two genes, SSUend and LSUemb,

exhibited significant negative Tajima’s D accompanied by

a strong reduction in diversity from teosinte to landraces

and a significant negative Fay and Wu’s H (Table 1).

Additionally, LSUleaf presented a strong deficit in haplo-

types, as revealed by the significant Fu’s Fs but no sig-

nificant LD was detected in the landrace panel (data not

shown). Those results remained unchanged using the

common sample.

In inbred lines, three AGPase paralogs exhibited con-

sistent signs of departure from neutrality, LSUleaf, SSUleaf

and SSUemb (Table 1). These results were all confirmed

using the common sample of inbred lines. LSUleaf stood as

an outlier in Tajima’s D distribution in American lines

(Fig. 4c) and exhibited a consistent pattern of directional

selection with negative values of Tajima’s D, Fu and Li’s

F, Fay and Wu’s H and a deficit in haplotypes (Table 1).

This pattern was also clear when pooling together land-

races and inbred lines (Table 1) and is consistent with a

substantial increase of LD from teosintes to inbred lines

(Fig. 5a, b). The second gene that exhibited a signal of

selection among inbred lines was SSUleaf, with a highly

significant deficit in haplotypes (Table 1) and several

instances of highly significant LD between polymorphic

sites in the inbred line panel (Fig. 5b) contrasting with a

very low level of LD in teosintes (Fig. 5a). Although none

of the Tajima’s, and Fu and Li’s tests was significant

(Table 1), when considering demography, SSUleaf Tajima’s

D fell outside the 95% CI (Fig. 4c) suggesting an excess of

balanced polymorphisms. Finally, SSUemb exhibited an

unusual pattern with a strong deficit in haplotypes (sig-

nificant positive Fu’s Fs, Table 1) consistent with its bor-

derline significant Tajima’s D value (Fig. 4c) and

significant LD between polymorphic sites (data not

shown). The neighbor-joining tree built for all SSUemb

sequences (Fig. 6) showed a remarkable structure, with two

main clades, i.e., haplotypic groups, each containing teos-

intes, landraces, and inbred lines. Those inbred lines were

recorded for a number of traits such as photoperiod sen-

sitivity, flowering time, kernel and embryo weight in a

2-year experimental trial (Camus-Kulandaivelu et al. 2006;

Manicacci et al. 2009). Interestingly, one clade encom-

passed inbred lines with a higher ratio of embryo weight

relative to the kernel and earlier flowering phenotypes than

the other clade.

Overall, both SSUend and LSUemb seem to have been

targeted by selection during domestication consistently
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with a significant loss of diversity between teosintes and

landraces and a significant differentiation between teosin-

tes and landraces as evaluated by resampling tests. Among

inbred lines, contrasted patterns of selection were

observed. While LSUleaf seems to have been subjected to

positive selection, SSUleaf and SSUemb exhibited patterns

consistent with diversifying and balancing selection

respectively. The segregation of two major haplotypes in

SSUemb correlates with flowering time and the ratio of

embryo weight relative to the kernel. Note that using the

restricted common sample of inbred lines in SSUend, i.e.,

29 out of the 55 inbred lines, resulted in statistical signif-

icance of two neutrality tests, the Fay and Wu’s

H (-4.3184) and the Fu’s Fs (5.626). These results indi-

cated signs of positive selection in SSUend but because they

were sample-dependent, this interpretation had to be taken

with caution.

Comparing level of polymorphism and divergence

We investigated whether the six paralogs have undergone

selective pressures leading to an increase (k [ 1) or

decrease (k \ 1) in nucleotide diversity applying a mul-

tilocus likelihood HKA test. By comparing the level

of polymorphism over divergence to an outgroup species

(T. dactyloides), the HKA test allows to control for heter-

ogeneity of the mutation rate among loci. Because we used

a maximum likelihood approach, values of the k index may

vary according to the simulations. We first considered

models including 11 neutral loci plus one of each AGPase

locus. Three loci appeared to be under selection: SSUend,

SSUleaf and LSUleaf (P = 9.29 10-6, P = 1.33 10-2 and

a

b

SSUleaf

LSUleaf

SSUleaf

LSUleaf

Fig. 5 Linkage disequilibrium as estimated by the square of the

coefficient of correlation (r2) among informative sites and level of

significance for SSUleaf and LSUleaf genes considering 12 teosintes

(a) and 24 maize inbred lines (b)

Fig. 6 Neighbor-joining tree based on the sequence alignment of

SSUemb (IL1 to IL13: American lines; IL14 to IL26: European lines;

LR01 to LR12: landraces; T03 to T15: teosintes). Bootstrap values

higher than 60% are indicated. Mean (m) and standard deviation (sd)

for flowering time (FT) measured as days to pollen under long-day

conditions expressed in thermal time (Camus-Kulandaivelu et al.

2006) and the ratio of embryo weight relative to the kernel (EW,

NIRS estimation; Baye et al. 2006) are indicated for both inbred lines

groups (Clade 1 early flowering and high embryo weight; Clade 2 late

flowering and low embryo weight)
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P = 1.86 10-4, respectively). We found that selection

acting on SSUend and LSUleaf led to a decrease in

nucleotide diversity with k = 0.07 and k = 0.05, respec-

tively, whereas selection acting on SSUleaf led to an

increase in diversity with k = 4.5. We then used nested

models that included 14 loci in which SSUend, SSUleaf,

and LSUleaf were considered under selection either indi-

vidually or taken together (Table 2). Considering a single

paralog under selection, SSUend exhibited the most sig-

nificant evidence of selection (model B, Table 2). Build-

ing a model that includes two loci under selection, we

obtained a better significance by adding SSUend (model E

and F) rather that SSUleaf (E vs. B) or LSUleaf (F vs. B)

suggesting that SSUend has undergone stronger selection

than SSUleaf and LSUleaf. Additionally, we obtained a

better significance by adding LSUleaf (model F) rather

than SSUleaf (model E), suggesting that LSUleaf had

undergone stronger selection than SSUleaf (Table 2).

Finally, a model considering all three paralogs under

selection (model H) performed significantly better than

models considering two paralogs under selection. Under

this model, both SSUend and LSUleaf loci would have

undergone directional selection (k = 0.07 and k = 0.11,

respectively, under model H), whereas SSUleaf would

have been subjected to diversifying selection (k = 3.51,

model H). HKA test was also performed on the common

sample to test for selection at SSUend, LSUleaf and SSUleaf

and similar conclusions were reached. Altogether, HKA

results confirmed those obtained with neutrality tests

based on the frequency spectrum.

We applied the McDonald-Kreitman’s test (1991) in

order to compare the ratio of polymorphism over diver-

gence at synonymous and non-synonymous sites consid-

ering each locus individually. Selection increases or

reduces the number of non-synonymous mutations relative

to the number of synonymous mutations, and this effect is

stronger in divergence than in polymorphism. We therefore

expect deviations of the ratio when the locus is under

selection. For a given paralog, we used as outgroup either

Tripsacum dactyloides or the sequence of one paralog

encoding the same type of subunit (either SSU or LSU) to

estimate divergence at both synonymous and non-synony-

mous sites. To test for saturation, we estimated the syn-

onymous substitution rate along branches of a topology

including all six paralogs. Values above 2.79 in the three

branches leading to the LSU paralogs were indicative of

saturation at synonymous site. In contrast, no evidence of

saturation was detected among SSU paralogs (dS \ 0.35 in

all branches). Therefore, we only considered small subunit

paralogous genes to compute the McDonald-Kreitman’s

test. This test was applied on the different panels (inbred

lines, landraces, cultivated maize and teosintes) but did not

reveal any significant deviation from neutrality (data not

shown).

Selection in functional domains and coevolution

In addition to selection at individual genes, we also con-

sidered selection on functionally important motifs within a

gene and selection on interacting partners, i.e., paralogs

Table 2 Multilocus likelihood ratio tests (LRT) for neutrality at SSUend, SSUleaf and LSUleaf duplicated genes

Model Loci under selection Comparison LR stata P valueb kc

SSUend SSUleaf LSUleaf

A 1 1 1

B SSUend B vs. A 18.87 1.4 9 10-5*** 0.07 1 1

C SSUleaf C vs. A 10.04 1.5 9 10-3* 1 5.37 1

D LSUleaf D vs. A 13.51 2.4 9 10-4** 1 1 0.06

E SSUend and SSUleaf E vs. B 7.93 4.8 9 10-3 0.10 3.76 1

E vs. C 16.76 4.2 9 10-5*** 0.10 3.76 1

F SSUend and LSUleaf F vs. B 12.44 4.2 9 10-4** 0.04 1 0.05

F vs. D 17.79 2.5 9 10-5*** 0.04 1 0.05

G SSUleaf and LSUleaf G vs. C 10.22 1.4 9 10-3* 1 3.51 0.07

G vs. D 6.75 9.4 9 10-3 1 3.51 0.07

H SSUend, SSUleaf and LSUleaf H vs. E 13.31 2.6 9 10-4** 0.07 3.51 0.11

H vs. F 8.80 3.0 9 10-3* 0.07 3.51 0.11

H vs. G 19.85 8.4 9 10-6*** 0.07 3.51 0.11

a Likelihood ratio statistics (1 df)
b P value considering that the likelihood ratio statistics follows a v2 distribution. Significance after correction for multiple testing is indicated as:

* P \ 5%, ** P \ 1%, *** P \ 1%
c k measures the degree of diversity increase (k [ 1) or reduction (k \ 1)
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encoding the LSU and the SSU expressed in the same

organ, through compensatory mutations. We considered as

functionally important motifs those previously described in

the literature as involved in enzyme regulation and in the

interaction with the partner subunit. We tested whether

non-synonymous substitution accumulated differentially in

functionally known domains as opposed to interdomain

regions. Because of saturation (see above), this test was

performed on SSU paralogs only. We detected an excess of

non-synonymous mutations in functional domains (16

synonymous vs. 33 non-synonymous mutations) as com-

pared to interdomain regions (123 synonymous vs. 44 non-

synonymous mutations; v1
2 = 27.76, P value = 1.4 9

10-7). This suggests a crucial role of the functional regions

in the evolution of the small subunit.

Finally, we tested for coevolution between subunits

expressed in a same organ by assessing the significance of

linkage disequilibrium between polymorphic sites belong-

ing to genes encoding for interacting subunits: LSUleaf and

SSUleaf, LSUend and SSUend, and LSUemb and SSUemb. We

detected only weak level of LD that was never significant

and therefore no evidence for coevolution between inter-

acting partners.

Discussion

In maize, three pairs of paralogous genes encode the large

(LSU) and small (SSU) subunits of the most rate-limiting

enzyme during starch synthesis, AGPase. These three pairs

are preferentially expressed in either endosperm, embryo or

leaves. The LSU gene expressed in leaves had not been

characterized, and here we have isolated LSUleaf and report

comparative patterns of all six AGPase paralogs. We have

found that LSUleaf has a very similar expression pattern to

SSUleaf, suggesting that the sequence we isolated corre-

sponds to the large subunit expressed in leaves. The

LSUleaf expression pattern differs strikingly from those of

the other LSUs. It exhibits a broader expression than

LSUend and LSUemb, both of which were expressed

exclusively in one tissue under our assay conditions.

In agreement with the results of Rosti and Denyer

(2007) and Cossegal et al. (2008), we have found that SSU

genes had a broader expression pattern than LSU genes. In

some phases of angiosperm evolution, a single small sub-

unit may have interacted with several large subunits

because of non concomitant duplications of both subunit

lineages (Georgelis et al. 2008). This observation may

explain the broader expression of SSU genes and also

suggests that AGPase enzyme activity is limited to regions

of LSU gene expression. Moreover, this considerations

may explain why some sequenced angiosperm genomes

have more LSU than SSU paralogous genes—e.g., 4 versus

2 in O. sativa (Akihiro et al. 2005), 4 versus 1 in A. tha-

liana (The Arabidopsis genome initiative 2000; Villand

et al. 1993), and 6 versus 1 in Populus trichocarpa (Tuskan

et al. 2006), respectively. Indeed, although a same number

of SSU and LSU genes has been described in maize,

the complete genome sequencing may reveal additional

AGPase genes. In fact, using one amino acid reference

sequence for each of the six paralogs, we searched the

maize cDNA database in maizesequence.org. We retrieved

hits above 45% identity over the entire protein length,

which corresponds to the minimum identity observed

across all pairs of previously described LSUs and SSUs.

This revealed four additional positions on chromosomes 1,

3, 7 and 8, which suggests that other AGPase genes persist

in this species. LSU-SSU interactions in maize may be

therefore more complex than previously thought and

comparable at what is reported in other species.

Among angiosperms, duplications in the SSU lineage

occurred after the monocot-dicot divergence (Georgelis

et al. 2008). Among grasses, SSUend is expressed either in

the endosperm cytosol or in the leaf plastid as a result of

the alternative splicing of the first exon (exon 1a and 1b;

Rosti and Denyer 2007). In maize, an additional duplica-

tion (anterior to domestication) gave rise to SSUend and

SSUleaf. While the alternative splicing of the first exon has

been shown to persist in SSUend, exon 1a is spliced out in

SSUleaf (Rosti and Denyer 2007). As a result, SSUend and

SSUleaf duplicates mostly diverged at exons 1a and 1b,

exon 1a exhibits 56% similarity and exon 1b exhibits 89%

similarity, whereas the rest of the sequence displays on

average 94% similarity between the two paralogs (Rosti

and Denyer 2007). When using two different pairs of

primers, specific of each first exon (1a and 1b) for SSUend,

we obtained similar patterns of expression than those

reported by Cossegal et al. (2008), i.e., a higher expression

of SSUend (1a-specific) in endosperm and a higher

expression of SSUleaf (1b-specific) in leaves (data not

shown).

Effect of domestication and breeding on duplicates

Selection during domestication and breeding has increased

kernel starch content, suggesting that starch content has

been under selection (Flint-Garcia et al. 2009). In addition,

inbred lines exhibit different starch content and kernel

weight according to their origin (Manicacci et al. 2009) as

illustrated in Fig. 7. Indeed, European and Northern Flint

inbred lines appear to contain lower level of starch than

Corn Belt Dent and Stiff Stalk lines. Northern and Euro-

pean Flint lines are adapted to temperate climates and early

flowering. As a consequence of a short filling period, they

tend to have smaller kernels than Corn Belt Dent and Stiff

Stalk inbred lines, that instead have been selected for
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longer life cycles, larger kernels with higher starch content

(Duvick and Cassman 1999). Given the variability of starch

content among groups of inbred lines, we also expect

diversifying selection to have shaped the genetic diversity

of some genes in the starch pathway during maize expan-

sion and plant breeding.

Among the six genes encoding AGPase, five exhibited

evidence of selection during domestication and/or breed-

ing. Only LSUend did not exhibit any sign of selection in

both the landrace and the inbred line panels. This gene

appears to have evolved under strong selective constraint

long before domestication, as evidenced by an extremely

low level of diversity in both wild and cultivated panels

confirming previous results reported by Manicacci et al.

(2007). In contrast, SSUend exhibited evidence of selection

during the domestication process but did not seem to be

involved in varietal differentiation, strengthening the

results previously obtained by Whitt et al. (2002).

We observed a complex pattern of diversity for LSUemb.

We reported directional selection among landraces. In

addition, while selection and demographic effects are

expected to decrease nucleotide diversity within landrace

and inbred line panels, nucleotide diversity increased from

landraces to inbred lines. In order to determine whether the

inbred line diversity emerged recently from the landrace

pool, we constructed a neighbor-joining tree based on

sequences of all panels (data not shown). Among three

main haplotypes, two were shared by inbred lines and

teosintes and the third one encompassed landraces and

inbred lines. This distance tree therefore did not support the

emergence of inbred line diversity from landraces through

de novo accumulation of mutations. Furthermore, the

multiplication of elite material is highly controlled and

gene flow from teosintes to inbred lines has likely been

very limited and too small to explain the observed increase

in nucleotide diversity among inbred lines. Besides, if

some introgression occurred, it should have led to the

reduction of genetic differentiation between both panels,

which was not observed. An alternative hypothesis that

could explain our results is a bias in the landrace sample.

However, we have not encountered a similar effect for

other AGPase genes sequenced on the same landrace panel.

We therefore lack a clear explanation for this pattern; a

panel including more landraces should help elucidating this

issue.

The pattern of diversity of SSUemb suggests divergent

selection during breeding. Interestingly, the structure in

haplotype diversity, as reported in a distance tree (Fig. 6),

was associated to the ratio of embryo weight relative to

kernel among inbred lines (two-sided t test, t = 2.23,

df = 23, P = 0.038) but also correlated with flowering

time. In maize, Northern/Southern geographic structure is

correlated with divergence in flowering time and, in a

lower extent, with kernel size and endosperm starch con-

tent. Typically, maize adapted to temperate climate, such

as Northern Flints, have a shorter period of kernel filling

and less favorable conditions for seedling development.

This adaptation has resulted in divergent selection between

tropical and temperate material for genes involved in ker-

nel resource accumulation and/or seedling development, as

observed in the vicinity of the flowering time gene Dwarf8

(Camus-Kulandaivelu et al. 2006, 2008). A formal asso-

ciation genetics mapping, including a larger panel and

correction for genetic structure, would be necessary to

validate the role of SSUemb polymorphism on phenotypic

variation of the ratio of embryo weight relative to kernel.

LSUleaf gene has responded to selection mostly during

breeding. The intense selection on kernel starch content

that occurred since domestication may have had an indirect

effect on LSUleaf, because of the role this gene plays in the

diurnal accumulation of transient starch that is hydrolyzed

at night, providing sink tissues with sugar supplies (Zee-

man et al. 2007). This is particularly important during

kernel filling. Furthermore, one of the most important

phenotypic changes that accompanied domestication is the

reduction in the number of axillary branches (Doebley

et al. 1995) and the subsequent reduction in leaf number.

This reduction in global leaf area may have led to a

selective pressure for either increased gene expression or

enzyme efficiency in the remaining leaves. Whether the

modification affected AGPase regulation or structure, it

may have had consequences on the molecular diversity

pattern of the coding sequence because of linkage

1

Starch weight per kernel (mg)
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CBD

SS
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Fig. 7 Frequency distribution of starch weight per kernel in five

major inbred line groups (T tropical; EF European Flint; NF Northern

Flint; CBD Corn Belt Dent; SS Stiff Stalk). Data are taken from a

panel of 375 inbred lines (Camus-Kulandaivelu et al. 2006). Only 278

inbred lines with group membership higher than 75% were considered

(61, 47, 35, 123 and 11 inbred lines for T, EF, NF, CBD and SS,

respectively). Arrows indicate the mean kernel starch weight for each

group, calculated by weighting inbred line phenotypic values by

group membership
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disequilibrium (Drummond et al. 2005). Comparative

expression of AGPase in leaves between inbred lines,

landraces, and teosintes would help distinguishing between

regulatory and structural changes.

Finally, SSUleaf also revealed signs of diversifying

selection among cultivated maize, a pattern that could not

be explained by demographic effects. Among inbred lines,

three haplotypes were clearly differentiated and correlated

to flowering time, one haplotype including mainly early

flowering inbred lines whereas the two others encompassed

mainly late-flowering inbred lines (two-sided test,

t = 3.80, df = 23, P \ 10-3). The haplotype divergence

either may result from direct selection on the SSUleaf gene

or from linkage disequilibrium between SSUleaf and a gene

involved in flowering time subjected to divergent selection.

This second hypothesis cannot be ruled out since, in maize,

numerous QTL involved in flowering time variation have

been found all over the genome (Buckler et al. 2009). Here

also, an association genetics approach coupled with a

precise study of linkage disequilibrium around SSUleaf

would provide more insights into this question.

Comparing evolution at two evolutionary scales

The history of the AGPase multigenic family has been

investigated in Angiosperms in several studies (Georgelis

et al. 2008, 2007, 2009). These studies have shown that the

SSU paralogs have evolved under selective constraint

whereas the LSU paralogs have undergone accelerated

evolutionary changes including positive selection at several

sites following duplications. Some of these sites are located

in regulatory motifs, such as the 55-amino acid region

involved in the between-subunit interaction, the glucose-1-

phosphate binding region or the C-terminal regulatory

region.

In our intraspecific studies, both SSU and LSU paralogs

had similar levels of diversity. However, we found an

excess of non-synonymous substitutions in functional

regions of SSU genes, suggesting the action of positive

selection on SSU functional domains, but positive selection

was detected on LSU functional domains only for inter-

specific contrasts. The differences between intra- and inter-

specific contrasts may not be too surprising, because

selective pressures acting at inter- and intra-specific levels

are expected to differ. For example, De Mita et al. (2006)

reported that the patterns of diversity of the NORK gene

does not deviate from neutrality within Medicago trunca-

tula ssp. trunlacuta, whereas several sites under positive

selection are involved in the divergence among species of

Medicago and other genera. As opposed to the wild

Medicago truncatula, maize has undergone recent selection

through domestication and breeding, which has probably

resulted in more pronounced intraspecific patterns of

selection on putative target genes, such as AGPase

paralogs.

Finally, the interaction between subunits raises the

question of coevolution between genes. Coevolution

between amino acids is known to generally affect func-

tional regions or interaction motifs (Hakes et al. 2007;

Yeang and Haussler 2007) and has been observed for

AGPase during angiosperm radiation both within SSU and

between interacting subunits (Corbi et al., unpublished).

We investigated patterns of substitution in the 55 amino

acid motif identified as involved in between-subunit

interaction (Cross et al. 2005). This motif did not display

divergence between maize and teosinte in any of the par-

alogs, whereas it strongly differed among paralogs. This

suggests that the between-subunit interaction motif has

evolved in relation to the specialization of expression, long

before domestication. Patterns of linkage disequilibrium

did not reveal any sign of coevolution between genes

expressed in the same organ. So if coevolution is visible at

an interspecific scale, it is not at a more recent intraspecific

scale.

Conclusion

AGPase paralogous genes have undergone contrasting

selection pressures during maize domestication and

breeding that are neither specific to the large subunit, the

small subunit nor the organ of expression. While the small

subunit is known as the most constrained during angio-

sperm AGPase evolution, both small and large subunits

appear to have been targets of selection during and after

maize domestication. By generating redundancy, duplica-

tion is usually considered as a process that increases

robustness to mutation, i.e., that makes more mutations to

be selectively neutral (without phenotypic effect; Conant

and Wagner 2004; Hickman and Rusche 2007; Wagner

2005). There are few cases reported in the literature

showing that gene duplication has also been advantageous

for the evolution of new phenotypes. A recent example in

tomato reports how gene duplication has allowed altered

gene expression and the evolution of an elongated fruit, a

shape that was likely selected by early domesticators (Xiao

et al. 2008). Our results suggest that genetic redundancy

may also provide evolutionary potential in the response to

selection through higher flexibility leading to contrasted

patterns of selection among AGPase paralogs.
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