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Abstract Phytoene synthase (PSY), which is encoded by
the phytoene synthase 1 (PSY1) gene, is the Wrst rate-limit-
ing enzyme in the plant carotenoid biosynthetic pathway. In
order to examine the genetic diversity and evolution pattern
of PSY1 within the Andropogoneae, sequences of 76 acces-
sions from 5 species (maize, teosinte, tripsacum, coix, and
sorghum) of the Andropogoneae were tested, along with 4
accessions of rice (Oryza sativa L.) included as outliers.
Both the number and the order of exons and introns were
relatively conserved across the species tested. Three
domains were identiWed in the coding sequence, including
signal peptide (SP), PSY, and highly conserved squalene
synthase (SQS) domain. Although no positive selection
signal was detected at an overall coding level among all

species tested, the SP domain and the region upstream of
the SQS–PSY domain appear to have undergone rapid evo-
lution, as evidenced by a high dN/dS ratio (>1.0). At the
nucleotide level, positive selection and balancing selection
were detected only among the yellow maize germplasm and
the white maize germplasm, respectively. The phylogenetic
tree based on full-length sequences of PSY1-like regions
supported the monophyletic theory of the Andropogoneae
and the closest relationship between Zea and Tripsacum
among the Andropogoneae. Coix, which was theorized to
have a closer relationship with maize due to similarities in
morphology and chromosome number, has been shown in
this study to have diverged relatively early from the other
Andropogoneae, including maize.

Introduction

Cereal crops domestication has had a unique impact on the
history of human civilization. Among these cereal crops,
maize represents a rather unique case for having undergone
much more drastic morphological modiWcations during
domestication (Sang 2009). Archaeological and molecular
evidence demonstrate that maize (Zea mays L. ssp. mays)
was domesticated from teosinte (Doebley et al. 1984, 1987;
Doebley 1990; Piperno and Flannery 2001) and that the
Z. mays L. ssp. parviglumis is likely to be the direct progeni-
tor of maize (Matsuoka et al. 2002). There are about 59,000
genes in the maize genome (Messing et al. 2004), but only
2% of these (»1,200) were involved in the process of
domestication of maize from teosinte, or more recent crop
improvement (Wright et al. 2005). Identifying these artiWcially
selected genes is the key to understand the mechanism and
history of maize domestication and improvement. Recent
studies demonstrate that important novel morphological
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changes associated with domestication involved only a
small number of regulatory genes (Buckler et al. 2006;
Doebley and Stec 1993). To date, two key genes associated
with domestication have been cloned in maize: tb1, control-
ling plant architecture (Doebley et al. 1997; Doebley 2004);
and tga1, controlling glume architecture (Wang et al.
2005). A number of genes associated with maize improve-
ment have also been well studied, including the two tran-
scriptional regulators c1 and r1, controlling the colorful
hues of maize kernels (Hanson et al. 1996); the sh2 and su1
genes, contributing to the sweetness of maize kernels
(Whitt et al. 2002); the vgt1 gene, controlling the Xowering
time (Ducrocq et al. 2008; Salvi et al. 2007); and the phyto-
ene synthase 1 (PSY1) gene, inXuencing endosperm color
and carotenoid accumulation in maize kernels (Palaisa et al.
2003).

New powerful statistical tools and the reduced cost of
DNA sequencing make it more feasible to search for or
reconWrm the eVect of artiWcially selected genes on past
evolution and continued future improvement of modern
maize. Studying these genes can help us to understand how
plant development was redirected to meet the demands of a
hungry world (Doebley et al. 2006). Nucleotide diversity in
maize reXects the rich history of human selection and
migration, combined with high level of recombination, and
out-breeding characteristic of this species (Buckler and
Thornsberry 2002). Phylogenetic analysis based on nucleo-
tide diversity of a genome is a promising strategy for fur-
thering the understanding of a species’ evolution at the
molecular level.

The PSY1 gene is a representative gene related to maize
improvement for controlling an important human nutri-
tional trait, the quantity of provitamin A in maize kernels
(Doebley et al. 2006). Among the three copies of PSY in
maize (PSY1, PSY2 and PSY3), only PSY1, which encodes
the Wrst rate-limiting enzyme in the plant carotenoid bio-
synthetic pathway, phytoene synthase (PSY) (Bird et al.
1991; Bramley et al. 1992; Fray and Grierson 1993; Giuli-
ano et al. 1993; Kumagai et al. 1995; von Lintig et al.
1997), has an eVect on endosperm color (Gallagher et al.
2004; Li et al. 2008b; Palaisa et al. 2003). The yellow
endosperm phenotype controlled by PSY1 has been a strong
target of breeding selection since the 1930s, when the nutri-
tional advantage of increased carotenoids in yellow maize
(yellow endosperm maize) was recognized (Mangelsdorf
and Fraps 1931). This selection on PSY1 during maize
improvement has been veriWed in previous studies (Palaisa
et al. 2003, 2004), in which yellow maize lines showed a
signiWcant negative Tajima’s D and 19-fold lower nucleo-
tide polymorphism compared to white maize lines, and no
linkage disequilibrium (LD) decay compared to LD decay
within 1 kb in white maize lines (Palaisa et al. 2003). The
causative mutation was suggested to be a regulatory change

in the promoter of the PSY1 gene, and selection resulted in
the reduction of nucleotide diversity within the yellow
maize PSY1 allele extending 600 kb downstream and
200 kb upstream from PSY1 (Palaisa et al. 2004). They
concluded that the sequence encoding white endosperm
was the ancestral state of the PSY1 gene, and it was the
PSY1 rather than PSY2 gene, which underwent strong posi-
tive selection and inXuenced carotenoid accumulation in
yellow endosperm. In addition, sorghum can also accumu-
late endosperm carotenoids (FAO 1995; Salas Fernandez
et al. 2008), but teosinte, coix, and tripsacum have white
endosperm only. Sequence information from the PSY1 gene
in these species can answer questions regarding the struc-
ture of the PSY1 gene in these species; in which species
directional selection has occurred; and the phylogenetic
relationship between the key species in the Andropogoneae.

In this study, we cloned PSY1-like genes in maize, teo-
sinte, tripsacum, coix, sorghum, and rice and analyzed the
nucleotide diversity and phylogenetic relationships of this
gene among these species with three objectives: (1) to
investigate how variable the DNA sequences are in each
species and how selection has aVected this variation in the
PSY1 gene across Andropogoneae; (2) to detect the varia-
tion, selection and LD of the PSY1 gene in yellow maize
using various diVerent germplasm resources; (3) to identify
the interspeciWc relationship among Andropogoneae as
revealed by the PSY1 phylogenetic tree.

Materials and methods

Plant materials and DNA extraction

All maize inbred lines were planted on the Agronomy Farm
at China Agricultural University (Beijing, BJ, E 116°46�,
N 39°92�) in spring of 2005; genotypes of coix, rice,
sorghum and teosinte were grown in the greenhouse. Fresh
leaves of 2-week-old plants were harvested and frozen at
¡70°C. DNA was extracted using the CTAB method
(Murray and Thompson 1980). Eight coix accessions were
included in the study, Wve from China and three from exotic
germplasm. A set of 56 maize genotypes were tested,
including 38 yellow inbred lines (19 normal lines, 15 high-
oil lines, and 4 high provitamin A lines) and 18 white lines.
None of the maize lines used in this study except for B73
and Mo17 has been previously characterized at the PSY1
locus. Alleles of PSY1 were also ampliWed from teosinte
(7 accessions), rice (4 varieties), and sorghum (4 yellow
accessions). One Tripsacum species was included as the
outgroup for the Tajima’s D and HKA analysis within the
genus, Zea. IdentiWcation and information about each of the
accessions used in this study are listed in Supplementary
Table S1.
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Primer design and PCR

To obtain the PSY1-like sequences among the grasses,
the highly similar regions among the aligned reference
sequences of maize (GeneBank ZMU32636), sorghum
(PlantGDB SbGSStuc11-12-04.5154.1) and rice (AP005750)
were used to design conserved primers (Supplementary
Table S2) using the Primer Premier 5.0 program (Clarke
and Gorley 2001) with the following conditions: product
size between 400 and 1,300 bases, primer size between 18
and 22 bases, annealing temperature between 55 and 60°C,
and ideal GC content between 50 and 60%. The sequenced
regions covered open reading frames (ORFs) of the PSY1
gene. PCR was performed using a PTC-200 thermocycler
under the following conditions: denaturation at 94°C for
4 min; ampliWcation for 5 cycles of 95°C for 1 min, 60°C
for 1 min (reducing temperature by 1°C each cycle) and
72°C for 1.5 min; followed by 30 cycles of 95°C for
1 min, 55°C for 1 min and 72°C for 1.5 min, or 35 cycles
of 95°C for 1 min, 55°C for 1 min and 72°C for 1.5 min;
and Wnal extension at 72°C for 10 min. The 30 �l PCR
mixture consisted of 60 ng DNA, 3 �l 10£ PCR buVer
(containing Mg2+), 0.6 �l 10 �M of each primer, 2.4 �l
2.5 mM of dNTPs, and 3 units of EasyTaq (Transgen,
China).

DNA sequencing and assembly

PCR products were analyzed by agarose gel electrophore-
sis, and were puriWed using the Recycle Kit (Biotech Ltd)
and sequenced directly or cloned using the Promega
pGEM-T Easy Vector according to the manufacturer’s pro-
tocol. The T7 sequence (5�-GTAATACGACTCACTATA
GGGC-3�) and SP6 sequence (5�-ATTTAGGTGACACT
ATAGAATA-3�) were used to identify and sequence posi-
tive clones. No <3 positive clones were sequenced for each
sample using an ABI 3730 sequencer. For heterozygous
teosinte, coix and tripsacum samples, at least Wve clones
were sequenced to control for PCR errors versus true
sequence heterogeneity, and the DNA sequence with the
same content in at least three clones was used. Vector NTI
Contig Express software (Informax, North Bethesda, MD,
USA) was used to delete the vector sequence and assemble
the gene sequences. All sequences of the tested species
were submitted to GenBank and are identiWed by the acces-
sion number from FJ971174 to FJ971252. Gene structure
was predicted separately for each species using the soft-
ware packages FGENESH (http://linuxl.softberry.com) and
NNPP (http://www.fruitfly.org). Alignments were per-
formed among all species with the ClustalX version 8.1
(Thompson et al. 1997) and Muscle (Edgar 2004) software
packages and improved manually in the BioEdit software
package (http://www.mbio.ncsu.edu/BioEdit/bioedit) using

the reference sequences of rice, sorghum and maize as
controls.

DNA polymorphism analysis

The software package DNAsp Version 4.20.2 (http://www.
ub.es/dnasp) was used to calculate summary data about the
sequences, including � (Nei 1987), Watterson’s estimator
of � (Nei 1987; Watterson 1975), Tajima’s D (Tajima
1989) and the ratio of nonsynonymous substitution to syn-
onymous substitution (dN/dS) (Nielsen and Yang 1998).
The polymorphic sites and Insertion/Deletion (InDel)
changes were extracted and combined into haplotypes
using TASSEL Version 2.0 (Bradbury et al. 2007). The r2

(Hill and Robertson 1968) values were calculated in Tassel
and LD, measured as r2, between pairs of polymorphic sites
was plotted against the physical distance among all sites in
Microsoft Excel. The measurements were performed by
averaging r2 values over a distance of 200 bp and plotting
the values against distance. To detect positive selection
footprints at the PSY1 gene in Z. mays, the Hudson–Kreit-
man–Aguade (HKA) test was performed. The tripsacum
sequence was used to calculate divergence, and the ADH1
gene sequence (forward: 5�-AGATCAATCCTCAGGC
TCCC-3�, reverse: 5�-TTCAGGGTCCTTTCGTTCA-3�)
and GLB1 gene sequence (forward: 5�-TACCTCCGCTTT
AGTTCTGC-3�, reverse: 5�-CGAAGAAGAACTGCCAA
AGG-3�) (Tenaillon et al. 2001; TiYn and Gaut 2001) were
used as neutral control loci. The overall HKA P value was
obtained by summing the individual �2 values for the two
control genes.

Phylogenetic and evolutionary analyses

Phylogenetic analyses were performed using the software
packages PAUP version 4.0 beta (SwoVord 1998) and Phylip
(Felsenstein 1993). Alignment gaps were treated as missing
data, and branches with zero length were collapsed. To Wnd
all shortest trees and to identify multiple tree islands, the
fault maximum-parsimony method was used with tree bisec-
tion–reconnection (TBR) branch swapping and random
order of taxon addition. Both heuristic search and bootstrap
support for nodes were estimated with 100 and 1,000 repli-
cates, respectively. For maximum likelihood (ML) method
analyses (Felsenstein 1981), the gamma shape parameter
alpha was set to 0.5, and the transition: transversion ratio
was set to the default value of 2.0. The neighbor-joining
method of Phylip was used with the following conditions:
equally weighted characters, and transition: transversion
ratio of 2.0. Phylogenetic trees were shown in TreeView
(Page 1996) or MEGA 4.0 (Tamura et al. 2007), using rice
as the outgroup. The strict consensus tree was evaluated, and
bootstrap value of <50% for each branch was set as a cutoV.
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Results

Sequence and structure of the PSY1-like gene 
in the diVerent species

The PSY1-like genes shared a similar overall structure
across the diVerent species tested, with the same number of
exons (6) and introns (5) (Table 1). Four of the exons (the
second, third, fourth and Wfth) were found to be conserved
in length and sequence order across all accessions tested.
The length of the Wrst exon was longer in rice (436 and
439 bp) and sorghum (433 and 439 bp) than in the other
species tested, which ranged between 406 and 415 bp. The
sixth exon in coix was very diVerent from the other species
in both length and sequence. The mean identity of all
sequences is 96.7% at the nucleotide level with a range of
87.2–99.9% (Table 2).

Despite this high nucleotide similarity among PSY1-like
sequences, remarkable diVerences at the amino acid level
are found in the COOH and NH2 terminals of the predicted
proteins (Supplementary Fig. S1). Sorghum has the greatest
level of diVerentiation in amino acid arrangement at the
COOH terminal compared to the other taxa, while coix
shows the most diVerences at the NH2 terminal. The amino

acids at the end of the Wrst exon (residues 100–130) are
highly variable among the tested species (Fig. 1, Supple-
mentary Fig. S1), while the sequence between these regions
appears to be relatively conserved. Three domains were
identiWed in the amino acid alignments among the tested
species, except rice (Fig. 1, Supplementary Fig. S1). The
signal peptide (SP) domain (residues 1–19 in the align-
ment) is relatively well conserved; the only major variation
among the tested species is the insertion of two amino acids
(alanine and aspartic acid) in the sorghum sequence. The
other two domains, squalene synthase (SQS) and PSY,
were identiWed between the 259th and 320th residues in
aligned sequences. In the species tested, the SQS signal
domain is completely conserved and the PSY signal
domain is highly conserved with only one polymorphism
identiWed at the 311th residue in the aligned sequences,
with threonine in sorghum and arginine in the other species.

Nucleotide variation of the PSY1-like gene across 
grass species

Detailed comparison of identiWed variation in the present
and a previous study (Palaisa et al. 2003) is listed in supple-
mentary Table S3. There were several major new variants

Table 1 PSY1-like gene structure in diVerent species (length of each feature given in bp)

a DiVerent length of the exon

Taxa Exon 1 Intron 1 Exon 2 Intron 2 Exon 3 Intron 3 Exon 4 Intron 4 Exon 5 Intron 5 Exon 6 Full length

Rice 436/439a 98 51 828 173 597 236 108 193 85 174 2,979/2,982

Coix 406 98 51 612 173 665 236 94 193 77 186 2,791

Sorghum 433/439 98 51 614 173 652 236 103 193 100 174 2,827/2,833

Tripsacum 415 146 51 624 173 582 236 84 193 75 174 2,753

Teosinte 406/409 100 51 612 173 898 236 94 193 77 174 3,014/3,017

Maize 406 98 51 613 173 885 236 94 193 77 174 3,000

Table 2 Mean identities and dN/dS ratios for PSY1-like genes in diVerent species

N Number of materials used
a Range of identity

Species N Identity (%) dN dS dN/dS

All 80 96.7 (87.2–99.9)a 0.025 (0.000–0.148) 0.104 (0.000–0.546) 0.240 (0.000–1.227)

Maize 56 98.9 (96.5–100) 0.002 (0.000–0.007) 0.008 (0.000–0.019) 0.266 (0.000–5.500)

Maize (yellow) 38 99.7 (98.3–100) 0.001 (0.000–0.002) 0.001 (0.000–0.008) 0.505 (0.000–5.500)

Maize (white) 18 98.3 (96.5–99.9) 0.003 (0.000–0.007) 0.010 (0.001–0.017) 0.258 (0.000–1.692)

Teosinte 7 98.4 (97.2–99.3) 0.002 (0.000–0.004) 0.040 (0.003–0.064) 0.052 (0.000–0.393)

Teosinte (luxuriantes) 4 98.5 (97.7–99.3) 0.001 (0.000–0.001) 0.035 (0.003–0.062) 0.016 (0.000–0.084)

Teosinte (zea) 3 98.7 (98.3–99.1) 0.004 (0.002–0.004) 0.011 (0.009–0.014) 0.325 (0.237–0.404)

Sorghum 4 99.9 (99.8–99.9) 0.001 (0.000–0.003) 0.001 (0.000–0.003) 0.840 (0.000–1.190)

Coix 8 98.6 (97.4–99.8) 0.003 (0.001–0.006) 0.013 (0.003–0.022) 0.226 (0.393–0.767)

Rice 4 96.4 (95.0–97.9) 0.001 (0.000–0.001) 0.005 (0.000–0.007) 0.172 (0.000–0.180)
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found in this study, including the 644 bp InDel in the
5�UTR, and two silent mutations and one nonsynonymous
mutation at positions 2050, 2128 and 2129, respectively.
Plots of the pair-wise LD measure r2 for PSY1 indicate that
LD declines to 0.1 in yellow maize lines at a distance of
greater than 4 kb. This is a much slower rate of decay than
in white maize lines, which declines to 0.1 in <2 kb
(Fig. 2).

Major diVerences were observed between the UTR
sequences of maize compared to the other species tested in
this study, which led to only partial UTR sequences being
cloned from the other species (Table 3). The three large
insertions described above which were identiWed in yellow
maize were not found in the other species investigated in
this study. Conversely, we observed unique sequences in
the 5�UTR of rice compared to the other species, including
several small InDels ranging between 15 and 44 bp before
the start codon. The Zea teosinte UTR sequences are more
closely related to white maize than to the luxuriantes sec-
tion species of teosinte. Teosinte and coix also contain a tri-
nucleotide repeat (CCA) upstream of the start site. Most of

these variants are similar to those reported previously in
white maize, but one new allele, a (CCA)3 repeat, was
observed in teosinte and coix. Further upstream of the CCA
repeat, a 484 bp InDel was observed in Zea luxurians,
which has no sequence similarity to the same alignment
position of other teosinte accessions. The tested sorghum
accessions have no changes in the UTRs and the intraspe-
ciWc changes in the 3�UTR of coix and rice are inconspicu-
ous. In coding sequences, the major SNP and InDel
diVerences between the species investigated occur in the
Wrst and the last exons. In all species, more SNPs were
observed in the introns than the other regions and InDels
mainly occurred in untranslated regions (except for sor-
ghum and coix). The set of teosinte accessions investigated
displayed more sequence diversity (9.20 polymorphisms/
100 bp) than the tested maize accessions (5.66 polymor-
phisms/100 bp) and this trend is consistent across all
regions (Table 3). In all tested species, coix had the highest
level of variation with 9.78 polymorphisms/100 bp, and
sorghum had the lowest, 0.66 polymorphisms/100 bp.
Among the Andropogoneae, � and � values were very simi-
lar between the white maize and Zea teosinte (Table 4).
Coix had the highest � and � values for all segregating sites
with 24.17 £ 103 and 26.40 £ 103, respectively, which are
36 and 14 times higher than yellow maize. Coix also dis-
played a relatively high � value for nonsynonymous sites
(9.15 £ 103), which is 22-fold more diverse than yellow
maize, and threefold more than white maize and Zea teo-
sinte (Table 4).

Phylogenetic analyses of the PSY1-like gene

The phylogenetic tree of PSY1 gene (Fig. 3) reveals that the
Andropogoneae of the Panicoid subfamily is monophyletic.
The Tripsacum taxa can be united with Zea with 100%
bootstrap support; and the Sorghum clade is joined to the
Tripsacum + Zea clade at a bootstrap value of 59%. All
coix studied here were placed in a single clade which can

Fig. 1 Sliding-window analysis 
of the estimated ratio of the 
nonsynonymous substitution 
rate (dN) to the synonymous sub-
stitution rate (dS) along the PSY1 
coding sequence among the 
Andropogoneae. The mean dN/
dS ratio for all pairwise sequence 
comparisons at each window is 
depicted as a rhombus on the 
graph. The dN/dS estimate was 
computed for windows of 60 bp 
with 3 bp intervals between each 
pair of windows. The three 
domains are indicated below 
the graph

Fig. 2 Linkage disequilibrium decay in the PSY1 gene sequence in
yellow and white maize lines. Measurement was performed by averag-
ing r2 values over a distance of 200 bp and plotting the values against
distance (bp)
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be united with the Zea + Tripsacum + Sorghum clade with
100% bootstrap support, lending weight to the placement of
Coix in the Andropogoneae rather than the “Maydeae” and
other monoecious genera.

The phylogenetic tree of the Zea species showed that the
yellow maize lines and all other white endosperm Zea were
placed in one clade with 95% bootstrap support (Fig. 4).
Figure 4 reveals the formation of subclades within the
entire group as well, with a single major clade for all
yellow maize lines, dispersal of the white lines into two
groups, and other Zea species joining the group in known
order of relationship. Within the group of yellow maize
lines, three clades can be easily distinguished based on the
diVerent insertion pattern observed in the UTRs. Three
lines with both the 390 bp insertion in the 5�UTR and the

345 bp insertion in the 3�UTR group together, and are fur-
ther combined into a much larger clade with lines that have
the 390 bp insertion in the 5�UTR but lack the 3�UTR
insertion (with a bootstrap value of 98%). The two yellow
lines, HZS and Chang7-2, which lack both insertions, form
their own separate clades unrelated to either the other two
clades of yellow maize and to each other; at the sequence
level, they are diVerentiated from each other by the 18 bp
InDel in the 3�UTR. Within the white Z. mays lines, one
clade contains only white endosperm maize, and the other
contains white endosperm maize plus ssp. mexicana and
huehuetenangensis. The parviglumis teosinte is clustered
with the yellow + white Z. mays clade with 82% bootstrap
support, and this large clade is next joined by the Tripsa-
cum clade and one diploperennis species. Finally, the two

Table 3 Summary of the natural variation of diVerent regions of the PSY1 gene in diVerent species

Number/100 bp: the total mutants in one set £ 100/sequence length in intraspeciWc alignment

The minimum extraction frequency for polymorphism = 2/N

N Number of materials used

Taxon N SNP 
(number/100 bp)

InDel 
(number/100 bp)

All 
(number/100 bp)

Total 
(number/100 bp)

UTR Intron Exon UTR Intron Exon UTR Intron Exon Full length

Maize (all) 56 1.20 2.07 1.38 0.52 0.49 0.00 1.72 2.56 1.38 5.66

Maize (yellow) 38 0.57 0.79 0.41 0.28 0.22 0.00 0.85 1.01 0.41 2.27

Maize (white) 18 1.11 1.94 1.05 0.46 0.4 0.00 1.57 2.34 1.05 4.96

Teosinte (all) 7 2.45 3.66 1.13 1.13 0.67 0.16 3.58 4.33 1.29 9.20

Teosinte (luxuriantes) 4 1.96 2.61 0.49 0.88 0.5 0.16 2.84 3.11 0.65 6.60

Teosinte (zea) 3 1.81 1.28 0.73 0.39 0.28 0.00 2.2 1.56 0.73 4.49

Sorghum 4 0.09 0.19 0.08 0.09 0.13 0.08 0.18 0.32 0.16 0.66

Coix 8 0.83 4.23 3.45 0.24 0.95 0.08 1.07 5.18 3.53 9.78

Rice 4 0.15 0.68 0.16 0.59 0.11 0.08 0.74 0.79 0.24 1.77

Table 4 Summary of PSY1 DNA sequence variation in Andropogoneae

– Tajima’s D cannot be detected because of <4 lineages tested among the intraspecies

** SigniWcant at P = 0.01 level
a Number of segregating sites to number of sequences used

Parameter Coix Maize Teosinte Sorghum

White Yellow All maize Section zea Section 
luxuriantes

273/8a 155/18 40/38 169/56 75/3 283/4 15/4

Total � (£103) 24.17 10.79 0.67 6.68 9.74 37.47 1.83

Silent � (£103) 27.72 12.88 0.73 7.93 11.27 46.03 1.65

Nonsynonymous � (£103) 9.15 2.58 0.42 1.83 2.89 0.00 0.00

Total � (£103) 26.4 9.77 1.90 8.16 9.80 37.47 1.49

Silent � (£103) 0.00 11.71 2.17 9.71 11.34 46.03 0.00

Nonsynonymous � (£103) 0.00 2.18 0.77 2.12 2.89 0.00 2.09

Tajima’s D ¡0.64 0.43 ¡2.35** ¡0.64 – – 1.62

HKA (P value) 6.65 (0.0099) 38.80 (0.0000) 9.03 (0.0027) 4.52 (0.0335) 0.09 (NS) –
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luxuriantes species form sister clades with 100% bootstrap
support, joined by one more diploperennis species, and this
luxuriantes/diploperennis clade is the last to join the rest of
the Zea lines in this study.

Testing for positive selection of PSY1

The Tajima’s D test for PSY1 sequences from teosinte and
coix species are all nonsigniWcant (Table 4). Sorghum lines
tested in this study have similar nucleotide diversity as yel-
low maize lines, but reveal no signiWcant eVects of selec-
tion (Table 4). The three domains of PSY1-like sequences
showed diVerent nucleotide substitution patterns, with the
highest mean dN/dS value (1.479) in the SP domain, and the
lowest in the PSY (0.043) and SQS (0.097) domains
(Table 2; Fig. 1). The region between residues 100 and 130
had the highest dN/dS ratio (1.98) in the entire coding
sequence. Mean dN/dS ratios for the entire PSY1 sequence
were highest in sorghum (0.840), high for yellow maize
(0.505), moderate in white maize, coix and Zea teosinte
(0.258, 0.266, and 0.325, respectively) and very low in
luxuriantes teosinte (0.016). Although the dN/dS ratios for
all species tested are very diVerent, all are <1.0, providing
no signiWcant signs of positive selection. The results of
HKA test for selection in maize support the conclusions
from the Tajima’s D test, in that yellow maize lines showed
signiWcant values for artiWcial selection (P = 0.0000). The
3�UTR showed a positive, signiWcant Tajima’s D value in
white maize lines, implying balancing selection in white
germplasm (Table 5). The lowest � and � values were
found in the 3�UTR for white maize and 5�UTR for yellow
maize (Table 5), indicating targeted selection in these
regions of PSY1.

Discussion

Structural domains within the PSY1-like gene sequences
in the diVerent species

The predicted structure and amino acid content of PSY1 in
rice, sorghum, and maize in this study are in agreement
with previously reported results (Gallagher et al. 2004; Li
et al. 2008a), indicating that the same sequence was
successfully cloned. All species tested here have the same
number of exons and introns with similar length and
sequence order, implying conservation of this gene
sequence during the evolution of the grasses. There are
three domains in the aligned amino acid sequences among
the species tested. The SP domain, encoding most secretory
proteins that work across the endoplasmic reticular mem-
brane, is observed in all tested species except rice, which
was also seen in a previous study (Gallagher et al. 2004).
Lacking the SP domain entirely, the rice PSY1 protein
cannot be located on the endoplasmic reticular membrane,
so carotenoids cannot accumulate in rice endosperm
(Gallagher et al. 2004). They do accumulate when the
ZmPSY1 gene with the SP domain is inserted into rice via
genetic engineering (Paine et al. 2005), conWrming the need
for this domain in PSY1 for carotenoid accumulation in the
endosperm. The variation in the helix-breaking residues of
the SP domain region between sorghum and yellow maize
may inXuence the eYciency of cleavage by the signal
peptidase, which may partially explain the diVerences in
functional expression reported in the endosperm of sor-
ghum and yellow maize (Salas Fernandez et al. 2008). The
SQS and PSY domains are highly conserved (Fig. 1, Sup-
plementary Fig. S1), which may be due to its necessary
interaction with upstream products (Doebley et al. 2006).
The region between residues 100 and 130 has a very diVer-
ent evolutionary pattern among the species tested, with the
highest dN/dS ratio (much greater than 1.0), providing
strong evidence for its importance for diVerential evolution
within the diVerent species, rather than for a conserved
evolution within all grasses.

Nucleotide diversity in the diVerent species

The level of structural heterogeneity among PSY1
sequences (Table 3) is diVerent from that seen in the tb1
gene (Lukens and Doebley 2001), implying that SNPs
might also be important for creating novel variation during
species evolution. The PSY1 gene has a higher dN/dS

ratio in coding regions relative to other plant genes,
which is also seen in the directionally selected tb1
gene (Lukens and Doebley 2001; Purugganan 1998); this
implies a rapid evolution of PSY1 sequences. Among the
Andropogoneae, coix has the highest level of variation

Fig. 3 Neighbor-joining tree in Andropogoneae based on the full-
length DNA sequences of the PSY1 gene. Bootstrap values are shown
as percentages over 1,000 replicates
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with 9.78 polymorphisms/100 bp and the highest � and �
values, probably due to the lack of artiWcial selection. The
two white wild maize subspecies (Z. mays ssp. parviglumus
and Z. mays ssp. mexicana) have a similar diversity level,
which is higher than the yellow maize subspecies (yellow
Z. mays mays) along with the lowest diversity level among
the Zea species. These results imply that white is the ances-
tral state of PSY1 gene, and yellow may be a post-domesti-
cation mutation, a conclusion similarly reached by Palaisa
et al. (2003). In this study, we see that the haplotypes com-

posed of the 378 and 390 bp InDels, and not the two core
SNPs deWned by Palaisa et al. (2003), completely associate
with yellow lines in both data sets. These results allow the
possibility to deWnitively separate the white and yellow
classes of maize based on the sequence of the 5�UTR,
where the large insertions in the 5�UTR are in LD with
most of the SNPs in the exons of all yellow, and no white,
maize lines tested.

Previous research has shown that total carotenoid con-
tent of diverse maize germplasm varied from 5.5 to

Fig. 4 Maximum-likelihood 
tree in Zea based on full-length 
DNA sequences of the PSY1 
gene. CutoV value for consensus 
tree is 50%. Bootstrap values are 
shown as percentages over 1,000 
replicates
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66.0 �g/g with an average of 22.8 �g/g (Harjes et al. 2008).
A QTL with a large eVect on total carotenoid content and
its components was mapped to the same genomic region as
the PSY1 gene using a segregating population generated by
crossing two yellow maize lines (Chander et al. 2008;
Wong et al. 2004). Since only loci with alleles having a
diVerent phenotypic eVect on a trait can be identiWed via
linkage mapping, this implies that there should be suY-
cient variation among diVerent PSY1 alleles in yellow
maize germplasm to continue improvement of this trait
without the need for introducing crosses with more distant
germplasm, or genes from unrelated species via transgene-
sis. Unlike the results of Palaisa et al. (2003), we detected
LD decay in the PSY1 gene in yellow lines, allowing fur-
ther analysis of association. The 644 bp insertion at the
transcriptional site in the data set presented here may regu-
late the expression of the PSY1 gene. Variants found
among the yellow maize lines from Chinese temperate
germplasm (Supplementary Table S3, S4), combined with
the new conWrmation that LD does decay (albeit slowly) in
yellow maize demonstrate that association analysis in
modern yellow maize germplasm is feasible. Comparing
allelic variation at the PSY1 locus with changes in caroten-
oid accumulation will enable the development of marker-
assisted selection tools to improve the eYciency and
impact of breeding for enhanced provitamin A content in
maize.

The PSY1-like gene phylogeny

There are many reports of the evolution and phylogenetic
relationships of species within the Andropogoneae based
on phenotypic, archaeological, and cytotaxonomic studies.
More recently, molecular evidence based on variation in
coding sequences of individual gene has been used to vali-
date and reWne these conclusions based on chloroplast gene
phylogeny (Davis and Soreng 1993), ribosomal gene phy-
logeny (Buckler and Holtsford 1996), and nuclear gene
phylogeny (Bomblies and Doebley 2005; Giussani et al.
2001; Lukens and Doebley 2001; Mason-Gamer et al.
1998; Mathews et al. 2000, 2002; Spangler et al. 1999).
Although exons, sometimes with only low statistical sup-
port, are variable enough to provide extensive resolution
within taxonomic families, diversity within introns and
UTRs is particularly useful for diVerentiating between
closely related species (Mason-Gamer et al. 1998).

Our suggestion that the Andropogoneae of the Panicoid
subfamily is monophyletic diVers from the results from the
tb1 gene (Lukens and Doebley 2001), but is in agreement
with reports based on other genes (Clark et al. 1995;
Giussani et al. 2001; Mason-Gamer et al. 1998; Mathews et al.
2000, 2002; Spangler et al. 1999). It appears that sorghum
is more closely related to Zea than the other species tested
within the Andropogoneae, although with weak bootstrap
support (58%). This has been reported previously based on
sequence analysis of several other nuclear genes (Bomblies
and Doebley 2005; Lukens and Doebley 2001; Mathews
et al. 2002; Spangler et al. 1999). Results of the current
study also conWrm Tripsacum as the sister genus of Zea, as
reported previously (Bomblies and Doebley 2005; Giussani
et al. 2001; Lukens and Doebley 2001; Mason-Gamer et al.
1998; Mathews et al. 2000, 2002; Spangler et al. 1999).
The topological structure of the phylogenetic tree within
the Andropogoneae described in the current study is the
same as that reported for the GBSSI gene (Mason-Gamer
et al. 1998), ribosomal ITS sequences (Buckler and Holt-
sfor 1996) and the nuclear gene tb1 (Lukens and Doebley
2001). All support that coix should be classiWed to Andro-
pogoneae and that the term “Maydea” should be abandoned
in taxonomy. The relationship of Coix clade with the
Zea + Tripsacum + Sorghum clade implies that coix may
have evolved before the divergence of maize and sorghum,
but after the divergence of the Andropogoneae and rice.
This hypothesis is supported by the fact that maize, sor-
ghum and coix all share the same chromosome number, and
all have been hypothesized to be descended from an ances-
tral species that had a haploid genome of 5 (n = 5) (Paterson
et al. 2004). The same ancestral species is thought to have
evolved into three new genomes, one with Wve chromo-
somes, one following chromosomal duplication to form
maize and related species with ten chromosomes, and one

Table 5 Summary of natural variation of diVerent regions of the PSY1
gene in maize

N Number of segregating sites, NS not signiWcant, CDS coding
sequences

* SigniWcant at P = 0.05 level

** SigniWcant at P = 0.01 level

Region Parameter Total White Yellow

5�UTR N 53 48 6

� (£103) 8.69 13.42 0.24

� (£103) 8.24 9.81 0.94

Tajima’s D 0.19 NS 1.52 NS ¡2.01*

CDS N 19 18 5

� (£103) 3.73 5.81 0.52

� (£103) 3.71 4.56 0.97

Tajima’s D 0.02 NS 1.08 NS ¡1.18 NS

Intron N 55 52 20

� (£103) 5.78 9.33 0.82

� (£103) 8.25 10.43 2.7

Tajima’s D ¡1.03 NS ¡0.44 NS ¡2.32**

3�UTR N 17 7 15

� (£103) 3.23 3.43 1.22

� (£103) 3.85 2.07 3.5

Tajima’s D ¡0.49 NS 2.22* ¡2.09*
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following chromosomal split to form sorghum with ten
chromosomes (Paterson et al. 2009; SwigoHová et al.
2004).

In this study, the luxuriantes section species of teosinte
are the very last to join with the other Zea accessions,
instead of clustering with the Zea section species of teosinte
and white Z. mays mays as previously reported (Palaisa
et al. 2003), providing a Wne phylogenetic tree for Zea spe-
cies. Another diVerence compared to previous studies is
that the yellow clade in the present study can be further sep-
arated into four subclades according to the haplotypes of
the 390 (378/644 bp), 345 and 18 bp InDels in the UTRs. In
addition to the common haplotypes identiWed in both stud-
ies, we found an additional rare haplotype in the maize
inbred HZS. These haplotypes work well in diVerentiating
the yellow lines for both data sets.

Evidence for positive selection

Amino acid changes among species in the PSY1 sequence
were constrained, although diVerent amino acid positions
probably experienced diVerent degrees of selection. Varia-
tions of the dN/dS ratio (<1.0) and nonsigniWcant Tajima’s
D indicated there is no evidence for positive selection over-
all in PSY1 among all accessions tested here. Variations of
the dN/dS ratio among the Andropogoneae can be explained
by unequal levels of purifying selection among lineages.
However, the SP domain and the region upstream of the
SQS–PSY domain appear to have undergone rapid evolu-
tion because a high dN/dS ratio (>1.0) was evidenced. Other
methods were also used to test the variation of this region,
like sliding window and HKA test (data not show). Analy-
sis of Tajima’s D test for CDS through Sliding window had
negative signiWcant p value in the SP domain (¡1.7599)
and the region between residues 100 and 130 (¡1.6452).
When rice was used as an outgroup for HKA test of the SP
domain, signiWcant level for sorghum (*P = 0.0401), coix
(*P = 0.0179), teosinte (*P = 0.0321) and maize
(*P = 0.0061) were detected. Within Z. mays ssp. mays, we
could summarize the evolution pattern of PSY1 as follows:
the Wrst exon of PSY1 (especially the SP domain and the
residues 100–130) has primarily been subjected to selection
pressure during the evolution of the grasses. This is fol-
lowed by positive selection on regulatory regions altering
the expression levels of PSY1 in maize after divergence
from the other grasses (Doebley et al. 2006; Palaisa et al.
2003). This caused evolutionary diVerences between spe-
cies for this gene. On the other hand, resembling selection
in this region could be also created by sequencing errors
and/or population demographic changes. Therefore, the fur-
ther validation will be needed for this proposed evolution
pattern of PSY1. While, sorghum, in which PSY3 gene is
the major gene inXuencing the carotenoids accumulation in

endosperm, may have diVerent evolution pattern from that
of maize as evidenced by no selection signals on the PSY1
gene and no QTLs for carotenoids co-located with PSY1
(Salas Fernandez et al. 2008). The PSY1 gene is necessary
for yellow endosperm color and carotenoid accumulation in
maize (Gallagher et al. 2004; Palaisa et al. 2003). The
unusually low diversity level and slow LD decay accompa-
nied by an excess of rare alleles (Tajima’s D = ¡2.35), sig-
niWcant HKA value and unusually low �M/�T (0.0179)
value compared to neutral genes (t0.75) (Clark et al. 2004)
observed in the PSY1 gene in yellow maize lines suggest its
involvement in maize improvement via artiWcial selection.
The relatively faster LD decay and the signiWcant positive
Tajima’s D value in the 3�UTR in white maize lines verify
that PSY1 has high diversity and has experienced balancing
selection (Tajima 1989). The selective sweep reducing the
sequence diversity in yellow maize only causes yellow
maize lines to form a separate clade in phylogenetic analy-
ses using the PSY1 gene.
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