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Abstract The GS3 gene was the first identified gene con-
trolling the grain size in rice. It has been proven to be
involved in the evolution of grain size during domestica-
tion. We isolated the maize ortholog, ZmGS3 and investi-
gated its role in the evolution of maize grain size. ZmGS3
has five exons encoding a protein with 198 amino acids,
and has domains in common with the rice GS3 protein.
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Compared with teosinte, maize has reduced nucleotide
diversity at ZmGS3, and the reduction is comparable to that
found in neutrally evolving maize genes. No positive selec-
tion was detected along the length of the gene using either
the Hudson—Kreitman—Aguadé or Tajima’s D tests. Phylo-
genetic analysis reveals a distribution of maize sequences
among two different clades, with one clade including
related teosinte sequences. The nucleotide polymorphism
analysis, selection test and phylogenetic analysis reveal that
ZmGS3 has not been subjected to selection, and appears to
be a neutrally evolving gene. In maize, ZmGS3 is primarily
expressed in immature ears and kernels, implying a role in
maize kernel development. Association mapping analysis
revealed one polymorphism in the fifth exon that is signifi-
cantly associated with kernel length in two environments.
Also one polymorphism in the promoter region was found
to affect hundred kernel weight in both environments. Col-
lectively, these results imply that ZmGS3 is involved in
maize kernel development but with different functional
polymorphisms and thus, possibly different mechanisms
from that of the rice GS3 gene.

Introduction

The domestication of wild plants to modern cultivated
crops involved a suite of changes in morphological, physio-
logical and biochemical traits, which are collectively
known as the “domestication syndrome” (Doebley et al.
2006). One of the traits in the “domestication syndrome” is
grain size. Under natural circumstances, plants tend to pro-
duce smaller seeds as opposed to producing larger seeds
(Doebley et al. 2006). Grain size is an important component
of grain yield and farmers or breeders tend to select plants
with larger grain size. Therefore, genes involved in grain
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size variation would be a logical target for artificial selec-
tion. Rice varieties show large variation in grain size, the
genetic basis of which has been extensively investigated
using quantitative trait loci (QTL) analysis. Several under-
lying genes have been cloned, including the first identified
grain length gene, GS3 (Fan etal. 2006, 2009; Li et al.
2004), and the grain width genes, GW2 (Song et al. 2007),
GW5 (Wan etal. 2008; Weng etal. 2008) and gSW5
(Shomura et al. 2008). Maize also has larger kernels than
its progenitor, teosinte. However, map-based cloning of
genes in maize has lagged behind that in rice due to the
unavailability of a complete genome sequence before 2008,
the large genome size (Arumuganathan and Earle 1991)
and the highly repetitive sequence content (SanMiguel and
Bennetzen 1998). To date, only one gene encoding gluta-
mine synthetase isoenzyme has been shown to have an
impact on maize kernel size by mutant analysis (Martin
et al. 2006).

It is estimated that around 1,200 genes were involved in
maize domestication and improvement from teosinte
(Wright et al. 2005). Finding and validating the function of
these genes is the key, not only to understand the mecha-
nisms of maize domestication and improvement, but also to
enhance the efficiency of future maize improvement, as
many domestication-related traits are also highly important
agronomic traits. Comparative genomics based on markers
or sequence identities revealed macrosynteny and micro-
synteny relationships among different but related genomes
(Devos 2005; Gale and Devos 1998; Salse et al. 2004). QTL
controlling domestication-related or agronomically impor-
tant traits in maize, rice and sorghum were identified simul-
taneously in orthologous regions (Paterson et al. 1995; Yan
et al. 2004) and some homologous genes controlling traits of
agronomic importance were shown to play similar roles in
different species (Kojima et al. 2002; Yano etal. 2000).
Genes cloned in rice and the conserved synteny relationship
between the maize and rice genomes provide an opportunity
to clone genes involved in maize domestication and
improvement using comparative genomics.

The GS3 gene on rice chromosome 3 was the first identi-
fied gene controlling grain size in rice (Fan et al. 2006; Li
et al. 2004). In the small-grain varieties, GS3 acts as a neg-
ative regulator in the size of the rice grain. In the large-
grain varieties, a single nucleotide polymorphism (SNP)
occurring in the second exon results in a stop codon, thus
abolishing the protein’s function. Recently, Fan et al.
(2009) analyzed a panel of 180 rice varieties and found that
38 varieties contained this stop codon that was associated
with larger grain length. The identification of GS3 in at
least ten different intra- and interspecific crosses with stable
phenotypic expression suggested that it was an evolution-
arily important gene and might have been involved in the
domestication of rice by early farmers (Fan et al. 2006;
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Li et al. 2004). Takano-kai et al. (2009) confirmed this sug-
gestion by nucleotide diversity analysis. They found 97%
reduction in nucleotide diversity across the GS3 gene in
rice accessions carrying the mutant allele. Comparative
genomics between rice and maize shows that the GS3
region on rice chromosome 3 is highly similar to the short
arm of maize chromosome 1 (Salse etal. 2004,
www.tigr.org). Interestingly, a QTL for kernel weight was
detected in a cross between maize and its progenitor, Zea
mays ssp. parviglumis in this corresponding region, sug-
gesting that a homologous maize gene to rice GS3 may be
associated with domestication (Doebley etal. 1994; Li
et al. 2004; Supplementary Table S1; Supplementary Fig.
S1). In addition, a QTL cluster affecting many traits includ-
ing grain yield was also identified in the short arm of maize
chromosome 1 around SSR marker umc1169 (Ma et al.
2007; Yan et al. 2006; Supplementary Table S1; Supple-
mentary Fig. S1). The objectives of this study were to (1)
isolate a GS3-like gene in maize, (2) investigate if the
maize GS3-like gene co-localizes with the previously iden-
tified QTL for kernel weight and the QTL cluster around
SSR marker umc1169, (3) elucidate whether the maize
GS3-like gene has been a target of selection, and (4) deter-
mine if the maize GS3-like gene has a similar function as
the rice GS3 gene.

Materials and methods
Genetic mapping

Rice genes in the region surrounding GS3 on chromosome
3 were retrieved from TIGR (www.tigr.org) based on the
fine mapping results reported by Li et al. (2004) and Fan
et al. (2006), and used to blast against three databases con-
taining maize sequences (www.plantgdb.org; www.maiz-
egdb.org; www.ncbi.nlm.nih.gov, updated in March 2006).
Primers were designed based on the identified maize
homologous  sequences using Primer 3  (http:/
frodo.wi.mit.edu/) or Primer Premier 5.00 (PREMIER Bio-
soft International) and used to screen for polymorphisms
between two maize inbred lines, Zong3 and 87-1, which
had already been used to develop a recombinant inbred line
(RIL) population to map QTL affecting grain yield (Ma
et al. 2007). Polymorphic primers were mapped onto the
existing RIL genetic map using MAPMAKER/EXP3.0
(Lincoln et al. 1992).

Sequencing procedure
Thermal asymmetric interlaced PCR (TAIL-PCR) was

performed to clone the promoter sequence of the maize
GS3-like gene according to the procedure established by
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Liu et al. (1995). For molecular evolution analysis, the GS3
promoter regions, coding regions and partial intron regions
(approximately 2,400 bp in total) were sequenced for a set
of 26 lines, including ten elite inbred lines, eight landraces
and eight teosinte lines (Table 1), to yield a total of 104
sequences. The ten inbred lines consist of materials from
the five main maize heterotic groups in China (Teng et al.
2004). For association mapping analysis, the promoter
region, the fifth exon and 3’ UTR were sequenced across a
panel of 121 maize inbred lines. All primer pairs used in
this study are listed in Supplementary Table S2.

PCR products were first sequenced directly. For ambigu-
ous results, the PCR products were cloned into a pGEM-T
easy vector (Promega, Madison, WI, USA) and one ran-
domly selected clone was sequenced. An initial alignment

Table 1 Plant materials used in this study

Type ID Name Heterotic
group®
Inbred line (10)
Zea mays MAI1 Ye515 Lancaster
SSp. mays MAI2  Mol7 Lancaster
MAI3 HuangC Reid
MAI4 B73 Reid
MAIS Chang7-2 TangSPT
MAI6 HZS TangSPT
MAI7 87-1 Tem-tropic 1
MAI8 P178 Tem-tropic I
MAI9 Zi330 Zi330
MAII0  Zong3 Zi330
Landrace (8)
Zea mays LAN1 04K5686 -
SSp. mays LAN2  BZN -
LAN3 MZ -
LAN4  HSBN -
LANS 303WX -
LAN6  SWO92E114-15-1 -
LAN7  QTHHSBTS -
LANS BEM -
Teosinte (8)
Zea mays ssp. TEO1 PI384064 -
parviglumis TEO2  Ames21785 -
TEO3 PI566688 -
Zea mays ssp. TEO4 P1441934 -
huehuetenangensis
Zea mays ssp. TEOS P1384060 -
mexicana TEO6  Ames8083 -
TEO7 PI566673 -
Zea diploperennis®  TEO8  Ames21890 -

# Information from Teng et al. (2004)
® Only used in the HKA test as the outgroup species

was done with the multiple sequence alignment program
MUSCLE (Edgar 2004) to find singletons, which generally
result either from PCR/sequencing errors or from sequence
variation. Re-amplification was carried out for lines with
detected singletons, and the products were either sequenced
directly for homozygous lines or cloned into a pGEM-T
easy vector (Promega) for heterozygous lines. For confir-
mation, at least three clones per line per locus were
sequenced.

Analyses of the sequences

Three parameters of nucleotide diversity (the expected het-
erozygosity per nucleotide site 7, number of segregating
sites S and number of haplotypes h) were calculated. Taj-
ima’s D statistic (Tajima 1989) and the Hudson—Kreitman—
Aguadé (HKA) test (Hudson etal. 1987) were used to
investigate evidence for past selection. For the HKA test, Z.
diploperennis was used as the outgroup species and two
neutral genes (adhl and glbl) as the controls (Tenaillon
et al. 2004; White and Doebley 1999). All sequence analy-
ses were conducted using DnaSP, version 4.00 (Rozas and
Rozas 1999). Alignments of the nucleotide sequences were
done using the multiple sequence alignment software
MUSCLE (Edgar 2004) and subsequently refined manu-
ally. The phylogeny was generated using the neighbor-join-
ing method, Kimura two-parameter distance and pairwise
deletion analysis in MEGA, version 3.1 (Kumar et al.
2004). Robustness of the constructed phylogenetic tree was
tested with 1,000 bootstrap repetitions.

RNA extraction and real-time quantitative reverse
transcription PCR (qRT-PCR)

Expression analysis was conducted with RNA from tissues
obtained at 12 different developmental stages of inbred line
87-1, including leaf, seedling shoot, seedling root, tassel
from plants with 15 expanded leaves, silk and husk from
ears 0 days after pollination (DAP), immature ears from
plants with 14 and 18 expanded leaves and kernels har-
vested at four stages (0 DAP, 10 DAP, 15 DAP, 20 DAP).
All plant materials were frozen in liquid nitrogen and stored
at —70°C until use. Total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and digested with
RNase-free DNase (Promega). Complementary DNA
(cDNA) was synthesized using MMLYV retro-transcriptase
and an oligo (dT) primer (Promega). qRT-PCR was per-
formed with Ex Taq premix (Takara Shuzo, Kyoto, Japan).
Three replicates were performed to calculate the average
and standard deviation of expression levels. All experi-
ments were performed according to the manufacturer’s
instructions. The 272A¢T method (Livak and Schmittgen
2001) was employed to calculate ZmGS3 gene expression
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levels with the housekeeping gene ubiquitin as the endoge-
nous control and ears from plants with 18 expanded leaves
as the reference tissue.

Field trials, trait evaluation and statistical analysis

A total of 121 diverse maize lines, including 88 elite inbred
lines widely used in Chinese maize breeding programs and
33 high-oil lines, were used in the present study. The popu-
lation structure of these lines had been estimated using 82
SSR markers that are distributed evenly across the maize
genome, and the familial relatedness was estimated using
884 SNP markers (Dr. Yang unpublished data). All 121
lines were planted at the Agronomy Farm of China Agricul-
tural University in the spring of 2007 (Beijing, BJ, E
116°46’, N 39°92") and in the winter of 2007 (Hainan, HN,
E 108°56’, N 18°09'). A randomized complete-block
design with two replications was employed, in which each
genotype was planted in a plot with 11 plants in a 3-m long
row with 0.6-m between rows. Normal agronomic practices
were used in field management, and the third to the ninth
plants in each row were self-pollinated to avoid any xenia
effects from foreign pollen. At maturity, the self-pollinated
ears were harvested manually and air dried to grain mois-
ture of 13%. Seeds from the middle of at least three ears per
plot were shelled and bulked for trait measurement. Twenty
randomly selected kernels were used to measure kernel
length (KL), kernel width (KW) and kernel thickness (KT).
Three samples of 100 kernels each were weighed, and the
mean was used to measure hundred kernel weight (HKW).

A 0SJNBb0074MO6

CA76ichr.7
rice BAC "ole .
chr.3 | CA31ichr7

maize L
genetic map - i
ohr1 umc1169 / CAd4 “YTAC
yinwu13 zuhe1
bnlg1811 CA72
B ATG gap1F gapiR
> -

_______ i

-
CDS2F

Fig. 1 a Collinear relationship between the rice GS3 region and the
corresponding maize region. Squares represent rice genes mapped
onto maize chromosome 1. Diamonds indicate rice genes mapped
onto other maize chromosomes, with the primers’ name and their
locations on the maize genetic map being given above or below the
diamonds. All rice genes were from two overlapping BAC clones
(OSJINBb0074M06 and OSJNBa0002D18). Dots represent maize
markers used for genetic mapping, and primers in the open boxes rep-
resent co-segregating markers. b Structure of the ZmGS3 gene. Filled
boxes represent exons. Black solid line and dash-dotted line represent
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The average value of the two replications for all traits was
used for final data analysis. Association analysis was per-
formed with TASSEL 2.0.1 (Bradbury et al. 2007) using
the mixed linear model (MLM) controlling for both popula-
tion structure (Q) and relative kinship (K) (Yu et al. 2006).

Results
Comparative cloning of the GS3-like gene in maize

Among the 18 predicted rice genes in the region surround-
ing GS3, nine had homologous sequences in the maize dat-
abases (E < —10, identity >80%). Five of the nine
homologous maize sequences were mapped as a cluster on
chromosome 1 between SSR markers umcl169 and
umc2112, with a different order compared to the rice loci
(Fig. 1a). Interestingly, this region overlapped with the ker-
nel weight QTL mapped by Yan et al. (2006) and Doebley
et al. (1994) (Supplementary Table S1; Supplementary Fig.
S1). The other four maize sequences homologous to rice
genes were mapped to different chromosomes (Fig. 1a),
indicating gene level exceptions in the orthologous rela-
tionship between maize chromosome 1 and rice chromo-
some 3.

The protein sequence of the rice GS3 gene was used to
blast against the maize high throughput genomic sequences
database (www.ncbi.nlm.nih.gov). Three continuous
stretches of nucleotide sequences with two interrupted
intervals on BAC clone AC209328 had similarity with the

CAZ5ichr8 0SJNBa0002D18

» *
&/9.33 yinwuSichr.4 and chr.§

yinwu23 ume2112

* -
< CDS2R

sequences from GSS clone-CC638768 and BAC clone-AC209328,
respectively. Dotted line indicates sequences obtained through PCR
amplification with the gapl primer pair. Dashed line indicates
sequences obtained with TAIL-PCR. CDS2 primer pair was used to
amplify the putative cDNA sequence of the ZmGS3 gene. Diamonds
indicate two overlapping TNFR/NGFR family cysteine-rich domains.
Star indicates the transmembrane domain which was predicted using
InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/). The four
sequenced regions (parts A, B, C and D, see “Results”) are depicted as
gray open boxes
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rice GS3 protein over exons 2, 3 and 4 (E = 0.38, 0.009 and
0.009, respectively; identity =57, 73 and 55%, respec-
tively). Although the E values are slightly high, the three
interrupted nucleotide sequences reflect the exact gene
structure of rice GS3. Subsequent analysis revealed a gap in
the BAC, which may contain the first exon of the maize
homolog. Another blast search of the maize genomic sur-
vey sequences (GSS) database identified a clone, GSS-
CC638768, with homology to rice exon 1 (Fig. 1b). Two
primer sets, CA72 and zuhel, designed from the homolo-
gous sequences of GS3 in the BAC and the GSS, respec-
tively, co-segregated in the RIL population derived from
Zong3 and 87-1 (Fig. 1a). This strongly suggests that the
two sequences represent different parts of the maize GS3-
like gene. The gap between these two sequences was closed
by PCR amplification (Fig. 1b; Supplementary Fig. S2a),
thus, giving a final assembly comprising the entire maize
GS3 genomic sequence, which was termed ZmGS3 (Gen-
Bank accession no. FJ797615). Because GSS-CC638768
has only 213 bp 5’ to the putative translational start site
(TSS), TAIL-PCR was employed to extend the genomic
sequence upstream from the TSS, and a band of about
1,200 bp was amplified (Fig. 1b; Supplementary Fig. S2b),
which had a 400 bp overlap with GSS-CC638768 and thus
yielded a total of 1,000 bp upstream of the TSS. Blast
searches with ZmGS3 did not identify other homologous
sequences in the maize genome (updated in December
2008), suggesting that ZmGS3 may represent a single-copy
gene in maize. Based on this suggestion and the collinear
relationship found with rice, we concluded that ZmGS3 is
the ortholog of the rice GS3 gene.

Blast searches with ZmGS3 genomic sequences failed to
detect matching maize ESTs (updated in March 2007), but
matching ESTs from other cereals were identified, includ-
ing two from sorghum, BI098398 and BI098087, which
overlapped with each other and can be assembled into a sin-
gleton of 1,139 bp with a definite polyA tail. The high
sequence similarity between the sorghum singleton and the
maize genomic sequences enabled us to identify the puta-
tive intron—exon boundaries in maize. Primers that amplify
a region from 32 bp 5’ of the putative TSS to 169 bp 3’ of
the predicted stop codon were used in RT-PCR with total
RNA isolated from immature ears, and a single band with
the expected size of 800 bp was obtained (Fig. 1b; Supple-
mentary Fig. S2c). Subsequent sequence analysis con-
firmed this fragment as the homologous maize EST of rice
GS3. The ZmGS3 transcriptional unit consists of five exons
that encode a predicted protein of 198 amino acids with an
estimated molecular weight of 21,146 D (GenBank acces-
sion no. FJ797616).

The predicted protein sequence of ZmGS3 had several
known domains, including one transmembrane domain and
two overlapping tumor necrosis factor receptor (TNFR)/

nerve growth factor receptor (NGFR) family cysteine-rich
domains, which were also found in the rice GS3 protein
sequence (Fig. 1b; Supplementary Fig. S3). However, the
C-terminus von Willebrand factor type C domain and the
N-terminus phosphatidylethanolamine-binding protein-like
domain in the rice GS3 protein sequence were not found in
the ZmGS3 protein sequence (Supplementary Fig. S3). In
addition, alignment of the protein sequences of GS3-like
genes from several higher plants revealed that the N-termi-
nus was more conserved than the C-terminus, which might
imply that it is performing a critical function (Supplemen-
tary Fig. S4).

Nucleotide diversity of ZmGS3 in maize inbreds,
landraces and teosintes

To examine levels of genetic diversity in ZmGS3, a panel
of 25 lines (Table 1) was used to compare the genetic
diversity between maize elite inbreds and landraces, and
between all maize lines and teosintes. Sequences of four
different regions within the ZmGS3 gene (hereafter
labeled parts A, B, C and D) ranging from 420 to 648 bp
in length were obtained using the sequence of inbred line
B73 as a reference. Part A corresponds to a region from
632 to 47 bp upstream of the putative TSS. Part B incor-
porates exon 1 plus 189 bp upstream and 281 bp down-
stream sequences. Part C begins from exon 2 and extends
to intron 4. Part D contains the fifth exon and 80 bp of
the 3" UTR (Fig. 1b). Together, these four parts have a
length of 1,763 bp (length of aligned sequences without
gaps).

Among these four parts, 69 and 107 SNPs were identi-
fied in maize and teosinte, respectively, with an average
of one SNP every 26 bp (in maize) and 16 bp (in teosinte)
(Table 2). The number of SNPs was comparable between
maize inbreds and landraces for the four parts, but teo-
sinte contained more SNPs than all maize lines in three
out of the four parts. As a further indication of teosinte
diversity, every teosinte line represented a unique haplo-
type (h), while two or more maize lines often shared the
same haplotype (Table 2). In parts A, B, and D, the aver-
age © over all maize lines was lower than that in teosinte
(Table 2; Fig. 2), although more maize lines were sam-
pled. Maize accounted for only 36, 37 and 54% of the
genetic diversity levels observed in teosinte in parts A, B
and D, respectively, in agreement with the diversity levels
preserved in other neutrally evolving loci (Table 3). In
part C, maize owns more diversity than teosinte, which
may be because most of this region is composed of introns
(Fig. 1b). Sliding-window analysis showed that nucleo-
tide diversity was not equally distributed in either maize
or teosinte, with exons containing less genetic variation
(Fig. 2).
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Table 2 Sequence diversity statistics for ZmGS3 in maize and teosinte

Type N  Part A (475 bp)* Part B (380 bp)* Part C (497 bp)* Part D (411 bp)* Total (1,763 bp)*
S T h S T h S T h S = h S
All maize lines 18 14  0.00959 7 15 0.01268 6 35 0.03064 5 5 0.00336 5 69
Inbreds 10 13  0.01029 5 10 0.01333 5 31 0.03116 3 4 0.00357 3 58
Landraces 8 8 0.00820 4 10 0.01034 3 33 0.03291 4 3 0.00269 4 54
All teosintes® 7 38 0.02637 7 37 0.03459 7 25 0.01878 7 7 0.00626 7 107

N number of sampled lines, S number of segregating sites, 7 the expected heterozygosity per nucleotide site, # number of haplotypes

For the regions referred by Parts A, B, C and D, see “Results” and Fig. 1

# Length of the alignments in which all sequences contain bases, excluding gaps

b Including the species Zea mays ssp. mexicana, Zea mays ssp. parviglumis and Zea mays ssp. huehuetenangensis

015

- maize
— teosinte
0.10 ¢

0.05

0.00

exon2 exon3 exond exon5

exoni

promoter

Fig. 2 Sliding-window analysis of nucleotide diversity in ten maize
inbred lines, eight maize landraces and seven Zea mays teosinte lines
(window length = 50 sites for part C (exons 2—4; Fig. 1b) and 100 sites
for other three parts, step size = 25 sites)

Tests for selection at ZmGS3

Tajima’s D test and the HKA test were conducted for each
of the four sequences from ZmGS3 to investigate evidence
of selection during domestication and improvement. For
Tajima’s D test, negative values are consistent with direc-
tional selection. The HKA test relies on divergence infor-
mation relative to the outgroup species and requires
sequence information of neutrally evolving reference genes
and target genes both in the tested materials and in the out-
group species. These two tests have successfully identified
genes with a clear role in maize domestication, such as the
gene controlling lateral branching, th1 and the gene control-
ling glume architecture, tgal (Table 3). For Tajima’s D
test, parts A and C gave positive values, parts B and D gave
negative but not significant values, indicating that no selec-
tion had occurred on ZmGS3. The HKA test also gave con-
sistently negative results for selection (Table 3).

Phylogenetic analysis

Assuming that only a single favorable ancestral haplotype
of domestication-related genes became fixed by selection in
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the past, maize sequences would be expected to form a sin-
gle clade during phylogenetic analysis (Clark et al. 2004;
White and Doebley 1999). As shown in Fig. 3, phyloge-
netic analysis of combined sequences of the four parts of
ZmGS3 from the 25 Z. mays lines revealed that the maize
lines clustered into two groups. In group I, maize lines
either fell within clades of nearly identical sequences (like
MAI2, MAI7 and MAI8) or among teosinte lines (like
MAI3). Group II only contained maize lines. The teosinte
line TEO4, belonging to Z. mays ssp. huehuetenangensis,
was more distantly related to the other 24 lines, in agree-
ment with known phylogenetic analyses (Fukunaga et al.
2005). The distribution of maize lines in two groups
revealed divergence of ZmGS3 among maize lines.

ZmGS3 is primarily expressed in unfertilized ears

Real-time qRT-PCR was performed to determine the
expression pattern of ZmGS3. As shown in Fig. 4, expres-
sion was most intense in growing regenerative tissues,
including tassel, silk, ears and kernels. The highest expres-
sion was seen in immature ears of plants with 18 expanded
leaves, and expression level in kernels collected at 0 DAP
was comparable. However, mRNA levels decreased rapidly
after pollination and became nearly undetectable in kernels
collected at 15 DAP. In contrast to regenerative tissues,
transcript levels of ZmGS3 were low in vegetative tissues,
including husk, seedling shoot and seedling root, and was
absent from leaves.

Genetic polymorphisms in ZmGS3 are associated
with variations in maize kernel traits

In rice, one stop codon occurring in the second exon led to
increased grain size, primarily grain length (Fan et al. 2006;
Takano-kai etal. 2009). However, in the 18 sequenced
maize lines, the first four exons were completely conserved
and only the fifth exon showed polymorphisms (Fig. 5a).
Furthermore, analysis of ZmGS3 cDNA sequences from
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Table 3 Tests for selection at

the ZmGS3 gene and examples Locus %ben)gth in,Aalue) Tajima’s D Tl T References
of genes with evidence of selec- P
ton ZmGS3-part A 514 0.977 1.16 0.36 This study
ZmGS3-part B 441 0.385 —0.38 0.37 This study
ZmGS3-part C 495 0.983 141 1.63 This study
. ZmGS3-part D 414 0.468 —0.16 0.54 This study
For the regions referred by parts ; ) 463 0.220 0.25 0.35 - 1 (2005
A, B, C and D, see results and tgal-exon : : : ang et al. (2005)
Fig. 1; loci that are subjected to tgal-exon 3 712 0.938 —0.83 0.44 Wang et al. (2005)
selection are in bold tgal-promoter 739 «0.001 —2.02% 0.05 Wang et al. (2005)
m maize,  teosinte tb1-1.7 kb 601 <0.001 —0.92 0.01 Clark et al. (2004)
*P<0.05 th1-7.1 kb 841 <0.001 —1.48 0.06 Clark et al. (2004)
8o |LAN2 another 55 maize lines failed to identify any polymor-
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4 byt the fifth exon and a stretch of 600 bp sequences from the
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Fig. 3 Phylogenetic analysis of ZmGS3 in ten maize inbred lines,
eight maize landraces and seven Zea mays teosinte lines. Maize lines
are classified within two groups, Group I and Group II. Numbers at the
branches are percentages based on 1,000 bootstrap repetitions, boot-
strap values >50% are given. The scale bar indicates the number of
nucleotide substitutions per position. MAI maize, TEO teosinte, LAN
landrace

5 |
Q

Em

5 0

s 2 ’—[—‘

i3

D T
- - e = (] T = w w

I = i

L g 2 % 2 g .

dvao
dvast }
dva oz }

Tissues

Fig. 4 Expression pattern of ZmGS3 based on real-time qRT-PCR
analysis. 14e and 18e refer to immature ears from plants with 14 and
18 expanded leaves, respectively. 0 DAP, 10 DAP, 15 DAP and 20
DAP refer to kernels harvested at 0, 10, 15 and 20 days after pollina-
tion, respectively. ss seedling shoot, sr seedling root. Ubiquitin was
used as the endogenous control

that contains several amino acids. For maize lines that have
the insertion, several SNPs were found, thus giving a total
of five haplotypes. Because haplotypes CCC and CCCCC
have allele frequencies <0.05, they were eliminated from
subsequent association analysis to avoid statistical false
positives. An InDel (site 381) and a SNP (site 397) were
also identified in the 3" UTR. Association analysis revealed
that the haplotype rich in cysteine (site 172) is significantly
associated with kernel length in both environments at the
P =0.05 level (Table 4), with 5.77% of the phenotypic var-
iation being explained in Beijing and 5.21% in Hainan. The
other remaining five sites showed no significant association
with any of the four traits at the P = 0.05 level.

In the promoter region, we identified a total of 43 poly-
morphisms with minor allele frequency >0.05. These
include 24 SNPs and 19 InDels. Association analysis with
the MLM model controlling for both population structure
and individual relatedness revealed 18 polymorphisms that
are associated with at least one of the four yield-related
traits. Two sets of the polymorphisms are in high LD. One
set includes five sites, site P307, site P325, site P363, site
P437 and site P627 (mean 7 = 0.93), the other includes site
P141, site P366, site P386, site P388, site P531 and site
P561 (mean 7% = 0.90), thus only one polymorphism in each
of the two sets were presented (Table 4, for a full list of
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Fig. 5 a Diversity of predicted amino acids in 10 maize inbred lines
and eight landraces. The five exons are indicated by open boxes at the
bottom. The similarity was averaged over every five aligned amino ac-
ids. b Nucleotide diversity in the fifth exon and the 3’ UTR of ZmGS3
among 121 maize inbred lines. Site is given according to the position

of the corresponding polymorphisms in the aligned sequences. For site
172 (*), the amino acid sequences are given (C cysteine, S serine), and
the two haplotypes with allele frequency <0.05 are in bold italics. For
the other sites, the nucleotide sequences are given. — indicates a
deletion

Table 4 Association analysis of four yield-related traits based on polymorphisms in the promoter, the fifth exon and 3’ UTR

Site (genotype)* Frequency KL KwW KT HKW

07BJ 07HN 07BJ 07HN 07BJ 07HN 07BJ 07HN
172 (1/72/3)° 6/53/55 0.010 0.033 n.s. n.s. n.s. n.s. n.s. n.s.
P120 (0/4/18) 62/33/23 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.020
P143 (-/A/T) 19/62/37 n.s. n.s. 8.928E-04 n.s. n.s. n.s. 0.009 n.s.
P172 (0/5/6/8) 19/24/13/62 n.s. n.s. 0.002 n.s. n.s. n.s. 0.015 n.s.
P299 (0/1) 14/104 n.s. n.s. 0.029 n.s. n.s. n.s. 0.024 n.s.
P311 (0/6/9) 19/76/23 n.s. n.s. 0.007 n.s. n.s. n.s. n.s. 0.018
P319 (-/G/T) 23/12/83 n.s. n.s. 0.009 n.s. n.s. n.s. 0.018 0.017
P325 (A/C) 23/95 n.s. n.s. 0.037 n.s. n.s. n.s. n.s. 0.005
P366 (0/3) 17/101 n.s. n.s. 0.001 n.s. n.s. n.s. 0.008 n.s.
P635 (0/2/6) 24/37/56 n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.039

KL kernel length, KW kernel width, KT kernel thickness, HKW hundred kernel weight, 07BJ Beijing (year 2007), 07HN Hainan (year 2007), n.s.

not significant at P = 0.05 level

# The nucleotides are given. -, deletion. For site 172, 1/2/3, SCC/CCSC/CCCC (C cysteine, S serine). The numbers in other parentheses indicate
the number of deleted nucleotides. The prefix P indicates polymorphisms from the promoter region

b If including the two rare haplotypes (CCC/CCCCC; Fig. 5b), site 172 is still significantly associated with KL-07BJ (P = 0.0193), KL-07HN

(P =0.0496)

associations, see Supplementary Table S3). Contrary to the
associations in the fifth exon and 3’ UTR, only associations
with kernel width and HKW were identified. Most of the
effect can only be detected in one environment, indicating
the instability of gene function. Site P319 are associated
with HKW in both environments (Table 4), and the pheno-
typic variation explained by this polymorphism is 6.29% in
Beijing and 7.73% in Hainan.

Discussion

Feasibility of gene cloning methods used in the present
study

The availability of abundant maize whole genomic (mainly
from B73) and EST sequences in public databases provides

@ Springer

an opportunity for gene cloning. However, limitations such
as gaps in the genomic sequences, and the poor representa-
tion of genes with low expression levels or tissue-specific
expression patterns still exist. This can be partially comple-
mented by sequences from High Cor (Whitelaw et al. 2003)
and methylation filtration (Palmer et al. 2003) sequencing.
In addition, sequences from close relatives of maize, such
as sorghum (Bedell et al. 2005; Paterson et al. 2009) and
rice (Goff et al. 2002; Yu et al. 2002), can also be utilized to
close the gaps and determine gene structure. Cloning of
ZmGS3 in this study integrated the methods mentioned
above. Using rice sequences as a bridge, unrelated BAC
and GSS sequences were identified, which contained
sequences from different parts of ZmGS3. Divergence
between rice and maize sequences did not allow the direct
use of rice sequences to determine the exon—intron bound-
aries of maize ZmGS3, so the more closely related EST



Theor Appl Genet (2010) 120:753-763

761

sequences from sorghum (Kellogg 1998) was used to pro-
vide the needed information. The RT-PCR product in this
study and the recently released maize cDNA sequence in
the database (www.ncbi.nlm.nih.gov; Alexandrov et al.
2009) confirmed the feasibility of this method. It is appar-
ent that this method will help to improve the quality of
sequences generated from ongoing maize whole genome
sequencing project using BAC by BAC strategy (Wilson
2008).

The maize GS3 gene was mapped to a region showing
collinear relationship with the rice GS3 region, indicating
that we have obtained the orthologous gene of GS3 in
maize. Recently, Huang et al. (2009) isolated another rice
grain yield gene, DEP1, which shares some homology with
the GS3 gene. To verify that we have indeed isolated the
orthologous gene of GS3 in maize, we also obtained the
two homologous genes of DEP] in maize. Multiple
sequence alignment and phylogenetic analysis suggested
that ZmGS3 and OsGS3 were more closely related than
with the DEPI genes, further supporting the orthologous
relationship between them (Supplementary Fig. S5).

ZmGS3 is involved in maize kernel development
with mechanisms differing from rice GS3

In this study, ZmGS3 was mapped to a region containing
kernel weight QTL found in two different populations, one
derived from two maize inbred lines and the other from a
cross between maize and its proposed progenitor parvigl-
umis teosinte (Supplementary Table S1; Supplementary
Fig. S1). This suggested that ZmGS3 might be the underly-
ing gene for these kernel weight QTL and may have been
involved in maize kernel weight improvement during
domestication. Association mapping was employed to
examine whether ZmGS3 influences these kernel weight
QTL. Indeed, we identified polymorphisms in the
sequenced promoter region of ZmGS3 that were associated
with HKW. This implied that ZmGS3 might be the underly-
ing gene for the previously identified evolutionary QTL.
However, our selection test did not support ZmGS3 as a
gene underlying selection (Table 3). One possible explana-
tion is that the identified QTL region is very large and mul-
tiple genes may be responsible for the QTL region. As
shown in Supplementary Fig. S1, the QTL region identified
by Doebley et al. spanned Bins 1.02-1.07 and the QTL
mapped by Yan et al. spanned Bins 1.04—1.05. Neverthe-
less, ZmGS3 is involved in maize kernel development as
evidenced by expression pattern and association analyses.
ZmGS3 is primarily expressed in unfertilized ears and
decreases rapidly after pollination, suggesting a role in ker-
nel development, as it does in rice (Fan et al. 2006, 2009).
Results from association analysis further support this sug-
gestion, as both polymorphisms in the fifth exon and the

promoter region were shown to be significantly associated
with at least one of the four yield-related traits (Fig. 5b;
Table 4; Supplementary Table S3).

Recently, the rice GS3 gene was shown to be highly
expressed in young panicles but is not expressed in leaves
(Takano-kai et al. 2009). The ZmGS3 gene has a similar
expression pattern, but differences still exist. While the
gene expression is below detection in rice panicles at flow-
ering, the maize gene shows a relatively high expression in
maize kernels at silking (Fig. 4). Whether this expression
divergence has impact on variation in kernel traits is
unknown.

The mutation associated with phenotypic variation for
grain size appears to be different between maize and rice.
Cloning of the GS3 gene in rice revealed that a single SNP
occurring in the second exon changed a cysteine codon
(TGC) in the small-grain varieties to a termination codon
(TGA) in the large-grain varieties (Fan et al. 2006). The
function of this SNP was further confirmed using associa-
tion analysis across a panel of 180 diverse rice varieties
(Fan et al. 2009). Also it is this same SNP that accounts for
seed morphology variation in another panel of cultivated
rice varieties (Takano-kai et al. 2009). However, this func-
tional mutation was not found in the maize panel used in
this study, which implies that this SNP appeared after the
maize-rice divergence. Besides, the size of GS3 effect
might also be different between rice and maize. In rice, GS3
is a major gene for grain length and it can explain up to
72% of the variation in grain length in the analyzed 180 rice
varieties (Fan et al. 2006, 2009). However, our results
showed that the effect of ZmGS3 was marginally significant
with the P values ranging between 0.05 and 0.001 (Table 4;
Supplementary Table S3), and the phenotypic variation
explained by the identified polymorphism is less than 8%,
indicating ZmGS3 is only a minor gene for variations in
maize kernel traits, at least in our association panel. One
possible explanation for this marginal association is the
different genetic architecture of complex quantitative traits
in outcrossing species like maize and self-fertilizing species
like rice, as it does in the case of flowering time discovered
by Buckler et al. (2009). Another explanation may be the
small size of our association panel. It is well known that
genetic variations found in the testing materials are the
basis for association analysis (Yamasaki et al. 2005). The
relatively small size of our association panel may disable us
to identify some important genetic variations, including
corresponding null alleles as the rice GS3 gene leading to
larger grain size, and thus, may limit the power of associa-
tion analysis. Therefore, association analysis in another
panel with larger size may help resolve these problems and
lead to improved understanding of the gene function
(Myles et al. 2009). Nevertheless, based on the association
results in our panel composed of elite inbred lines used in
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China, we cannot find any variations that could completely
eliminate the negative function of the ZmGS3 protein as the
stop codon mutation in the large-grain varieties of rice,
indicating that knocking out ZmGS3 in future breeding pro-
gram could potentially result in improved yield in maize.

ZmGS3 was not a target of selection

Grain size is an evolutionarily and agriculturally impor-
tant trait, so genes involved in its variation could be tar-
gets of selection during domestication and improvement.
QTL studies suggest that homologous genes may be
involved in convergent domestication in different species
(Paterson et al. 1995). As studies concluded that the rice
GS3 gene might be involved in the domestication of grain
size (Fan etal. 2006; Li etal. 2004; Takano-kai et al.
2009), we investigated evidence for selection on ZmGS3.
Contrary to our expectation, evidence from different lines
of investigation support that ZmGS3 has not been sub-
jected to selection. Compared with teosinte, nucleotide
polymorphism of ZmGS3 retained in maize is similar to
that of neutrally evolving genes (Wang et al. 2005; White
and Doebley 1999). In the phylogenetic tree, maize
sequences are grouped into two different clades, with one
clade containing both teosintes and maize lines, in agree-
ment with other unselected genes (Clark etal. 2004;
White and Doebley 1999). Finally, both Tajima’s D and
HKA tests showed no evidence of selection during maize
domestication and improvement for all four sequenced
regions of ZmGS3. These results may also be reasonable,
as recently cloned QTL for domestication-related traits,
such as shattering (Konishi et al. 2006; Li et al. 2006; Lin
et al. 2007) and grain width in rice (Shomura et al. 2008;
Song etal. 2007; Wan et al. 2008; Weng et al. 2008),
revealed that even in the same species, different target
genes or different alleles are involved in domestication of
the same trait. The marginal associations of ZmGS3 with
kernel size suggest that the absence of favorable polymor-
phisms which could eliminate the negative regulation of
grain size by the ZmGS3 protein was the reason why
selection did not occur. Collectively, these results imply
that in currently used maize breeding materials, ZmGS3
might not be a major domestication- or improvement-
related gene influencing kernel size. However, based on
the results of expression and association analyses, ZmGS3
may still play an important role in maize kernel develop-
ment, and may yet hold potential for yield improvement in
maize.
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