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Abstract

a-carotene is one of the important components of pro-vitamin A, which is able to be converted into vitamin
A in the human body. One maize (Zea mays L.) ortholog of carotenoid hydroxylases in Arabidopsis
thaliana, ZmcrtRB3, was cloned and its role in carotenoid hydrolyzations was addressed. ZmcrtRB3
was mapped in a quantitative trait locus (QTL) cluster for carotenoid-related traits on chromosome 2
(bin 2.03) in a recombinant inbred line (RIL) population derived from By804 and B73. Candidate-gene
association analysis identified 18 polymorphic sites in ZmcrtRB3 significantly associated with one or
more carotenoid-related traits in 126 diverse yellow maize inbred lines. These results indicate that the
enzyme ZmcrtRB3 plays a role in hydrolyzing both «- and -carotenes, while polymorphisms in ZmcrtRB3
contributed more variation in ¢-carotene than that in g-carotene. Two single nucleotide polymorphisms
(SNPs), SNP1343 in 5'untranslated region and SNP2172 in the second intron, consistently had effects on
a-carotene content and composition with explained phenotypic variations ranging from 8.7% to 34.8%.
There was 1.7- to 3.7-fold change between the inferior and superior haplotype for «-carotene content and
composition. Thus, SNP1343 and SNP2172 are potential polymorphic sites to develop functional markers
for applying marker-assisted selection in the improvement of pro-vitamin A carotenoids in maize kernels.
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Introduction _ Furthermore, inadequate intake of vitamin A may cause many

serious diseases, such as cardiovascular disease, cancer and
Maize (Zea mays L.) is one of the most widely grown crops in cataracts (Fraser and Bramley 2004). According to a World
the world, and plays a critical role as the sources of human food, Health Organization (WHO) survey during the period between
animal feed and bioenergy. Maize kernels contain a wide range 1995 and 2005, vitamin A deficiency (VAD) continues to be
of genetic variability for pro-vitamin A carotenoids (a-carotene, a prevalent problem in more than 100 developing countries
p-carotene and B-cryptoxanthin), having vitamin A activity in the affecting an estimated 200 million preschool children and 30
human body. Epidemiological studies demonstrated that food million pregnant women, among which around 5.2 million of
rich in these and other carotenoids are extremely beneficial for ~ Preschool children and 9.8 million pregnant women had the risk
human and animal health due to their antioxidant properties. of night blindness. It is a great challenge to conquer the health
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problems caused by VAD in developing countries. Contrarily
to food fortification and pills supplementation, biofortification of
staple crops such as maize with enhanced levels of pro-vitamin
A carotenoids seems to be an economical and sustainable way
to combat VAD. Recently, some elite maize inbreds having a
wide range of pro-vitamin A carotenoids, especially g-carotene
(about 200-fold change between maize kernels with the highest
and lowest g-carotene content), have been identified in a
diverse germplasm (Harjes et al. 2008). This makes it available
to perform biofortification by mining favorable alleles associated
with pro-vitamin A carotenoids.

In plants, the carotenoid biosynthesis pathway begins with
the conversion of geranylgeranyl pyrophosphate (GGPP) into
lycopene by a series of enzymes including phytoene synthase
(PSY), phytoene dehydrogenase (PDS), &-carotene dehydro-
genase (ZDS) and carotenoid isomerase (CRTISO) (Buckner
et al. 1996; Hable et al. 1998; Park et al. 2002; Matthews et al.
2003). Lycopene represents a branch point (Zhu et al. 2003)
and the pathway diverges towards two alternate routes to pro-
duce (i) p-carotene by lycopene g-cyclase (LCYB) (Hirschberg
2001), from which g-cryptoxanthin and zeaxanthin are further
synthesized by g-ring hydroxylase (crtRB) (DellaPenna et al.
2006), and (ii) a-carotene by lycopene e-cyclase (LCYE), or in
combination with LCYB, is further converted into lutein by crtRB
and e-ring hydroxylase (Tian et al. 2004). Among the known en-
zymes in the carotenoid biosynthesis pathway, crtRB catalyzes
the key steps of converting pro-vitamin A carotenoids to non-
pro-vitamin A carotenoids, and thus, significantly influences the
accumulation of pro-vitamin A in maize kernels.

The carotenoid biosynthesis pathway is also well character-
ized in maize. Several key enzymes in the pathway have been
extensively studied in maize such as PSY7 on chromosome
6 (6.01 bin), that encodes the first rate-limiting enzyme in
the pathway. PSY7 was cloned by transposon tagging, and
is positively correlated with carotenoid content in maize en-
dosperm (Buckner et al. 1996). Two constitutively expressing
single copy genes, PDS and ZDS, were mapped on chromo-
some 1 (1.02 bin) and 7 (7.02 bin), respectively (Hable et al.
1998; Matthews et al. 2003). LCYB was cloned by transposon
tagging and mapped on chromosome 5 (5.04 bin) (Singh
et al. 2003). Recently, vitamin A pathway-driven association
studies have identified the significant associations of natural
polymorphisms in LCYE, crtRB1, PSY1, with the levels of
carotenoid derivatives in maize kernels, and polymerase chain
reaction (PCR)-based functional markers have been developed
for molecular breeding of pro-vitamin A carotenoids particularly
for p-carotene (Harjes et al. 2008; Yan et al. 2010; ZY Fu
et al., unpubl. data). PSY1 controls the flux of substrates into
the carotenoid pathway (JY Fu et al. unpubl. data), LCYE
directs the flow of substrates towards «-carotene versus g-
carotene branches of the carotenoid pathway (Harjes et al.
2008), and crtRB1 effects on the levels of g-carotene content

and conversion (Yan et al. 2010). Thus, it will be perfect
to design molecular breeding for pro-vitamin A carotenoids
in maize kernels when natural variations contributing to «a-
carotene, B-cryptoxanthin content and conversion are further
identified.

The objectives of this study were to clone a gene, ZmcrtRB3,
encoding carotenoid hydroxylase; and to characterize the con-
tribution and putative function of ZmcrtRB3 with carotenoid
content and composition in maize kernels.

Gene cloning and gene structure of ZmcrtRB3

Results

Two non-heme di-iron enzymes in Arabidopsis thaliana, BCH1
and BCH2, exhibit the activities in the hydroxylation of «-
carotene, B-carotene and g-cryptoxanthin (Kim et al. 2009).
Tblastn searches with BCH1 and BCH2 protein sequences
(The Arabidopsis Information Resource (TAIR), AT4G25700.1
and AT5G52570.1, respectively) against the maize high
throughput genomic sequence database in National Center
for Biotechnology Information (NCBI) identified over 10 hits
of maize homologous genes of carotenoid hydroxylase dis-
tributing on the chromosomes 1, 2, 4, 9 and 10 in the maize
genome (Vallabhaneni et al. 2009; Yan et al. 2010). The
maize complementary DNA (cDNA) sequence, AY844956.1,
had the highest identity with BCH1 and BCH2 in A. thaliana
(BCH1, E value = 4.00E-110; BCH2, E value = 3.00E-110),
and was named as ZmcrtRB3 and sequentially selected as the
candidate gene.

The maize bacterial artificial chromosome (BAC) clone,
AC196442.3, from chromosome 2 was identified to contain se-
quences (27 937-31 850 bp) with high similarity to ZmcrtRB3 by
blast searches with AY844956.1 in Maize Assembled Genomic
Island database (MAGI). Function domain analysis of this
genomic fragment in InterProScan confirmed that ZmcrtRB3
is highly consistent with the function of BCH1 and BCH2 in
A. thaliana and belongs to the fatty acid hydroxylase gene su-
perfamily (FA_hydroxylase superfamily). The gene structure of
ZmcrtRB3 was determined using two maize cDNA sequences
(Genbank, AY844956.1 and FL024732.1), and confirmed by
cloning the cDNA sequence from maize inbred B73 embryo
at 20 days after pollination (DAP) (Genbank, JQ420132). The
ZmcrtRB3 gene in B73 has six exons and the full length cDNA
sequence is of 1 392 bp, encoding 309 amino acids. The length
of 5'untranslated region (UTR) and 3'UTR are 107 bp and 358
bp, respectively. The coding sequence of ZmcrtRB3 in B73
has 100% of identity with ZmBCH1 (Genbank, GQ131287;
Li et al. 2010). In addition, ZmcrtRB3 was located within
contig73 on chromosome bin 2.03 in maize genome by using
blast searches with ZmcrtRB3 genomic sequence in Maize
Sequence database.
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ZmcrtRB3 maps to a QTL cluster for carotenoid
derivatives

A 60 bp InDel was detected from the genomic sequence
alignment between By804 and B73 in the 3'UTR of ZmcrtRB3,
and thus a marker, M1, was developed in the flanking region
of the 60 bp polymorphic site. The marker was mapped be-
tween simple sequence repeat (SSR) markers umc1422 and
umc1776 on chromosome bin 2.03 in By804/B73 recombinant
inbred line (RIL) population (Chander et al. 2008). The genetic
distance of umc1422 and umc1776 from M1 was 2.8 cM and
13.9 cM, respectively. Following the addition of M1 marker
in linkage map, a novel quantitative trait locus (QTL) for -
carotene composition (ratio of g-carotene to total carotenoids;
BCITC), gBC2, was detected on chromosome 2 (Figure S1).
The QTL, gBC2, explained 8.5% of phenotypic variation for g-
carotene composition with logarithm of the odds (LOD) value
of 5.9. The By804 allele at this locus had an additive effect of
0.007 for increased BC/TC. Another QTL (LOD = 4.1) for o/g-
carotene ratio («C/BC) was also mapped within the same region
(Figure S1), and accounted for 4.7% of the «C/BC variation.
The B73 allele contributed to the increase of «C/SC by 0.19.
ZmcrtRB3 was mapped within the QTL cluster (Figure S1), sug-
gesting the function of ZmcrtRB3 might be related to carotenoid
hydroxylase.

Nucleotide diversity and LD extension in ZmcrtRB3

Among the 126 yellow maize inbred lines, 194 nucleotide
polymorphisms (41 InDels and 153 single nucleotide poly-
morphisms (SNPs), Table 1) were detected in a 3 563 bp
genomic region harboring ZmcrtRB3. On average, one in
every 18 base pairs was polymorphic. Additionally, the dis-
tribution of the nucleotide diversity was not even across Zm-
crtRB3. The 5’'UTR region had the most abundant nucleotide
diversity, followed by 3'UTR, introns and exons (Table 1).
Among the polymorphisms in the coding region, five SNPs
leading to synonymous changes and two InDels causing four
and one amino acid insertion/deletion occurred in the first
exon.

Linkage disequilibrium (LD) of ZmcrtRB3 decayed rapidly
within 400 bp (r?= 0.16), but extended to over 3 500 bp
in 126 yellow maize inbred lines (Figure S2). It indicated
that the resolution of association mapping was likely not
to reach up to the gene level. Furthermore, two poten-
tial LD blocks were identified in 5UTR and 3'UTR of Zm-
crtRB3 (Figure S3). The LD block in 5UTR (S207-S1195,
77 polymorphic sites) covers nearly one third of the mea-
sured regions, while that in 3'UTR (S3147-S3168, 13 poly-
morphic sites) fell within a small region spanning 20 bp and
the levels of LD between these two LD blocks were high
(Figure S3).

Table 1. Distributions of polymorphisms in ZmcrtRB3 across
126 maize inbred lines

Polymorphisms Total SNP Indels Synonymous Non-
synonymous

Promoter and 103 88 15

5UTR
Exon1 13 11 2 5 6
Intron1 18 10 8
Exon2 1 1 0 0 1
Intron2 10 7 3
Exon3 2 2 0 0 2
Intron3 9 5 4
Exon4 1 1 0 0 1
Intron4 6 4 2
Exon5 3 3 0 0 3
Intron5 1 0 1
Exon6 0 0 0 0 0
3'UTR 27 21 6

SNP, single nucleotide polymorphism; UTR, untranslated region.

Natural variations of ZmcrtRB3 contribute to
w«-carotene

Of the 194 polymorphic sites in ZmcrtRB3, 18 (16 SNPs and
two InDels) showed significant associations (P < 0.01) with one
or more traits (Table S1). The most significant polymorphic site
was SNP2172, a SNP located in the second intron containing
a G-to-C transition (Figure 1, Table 2, Table S1). SNP2172 was
in weak LD with other significant polymorphic sites detected in
this study (Figure 1C), indicating SNP2172 was a unique site
associated with a-carotene content and composition. SNP2172
showed a highly significant effect on w-carotene content («C,
P = 1.1 x 1079 and ratio of a-carotene to total carotenoids
(«CITC, P = 3.7 x 1078), whereas lower magnitude of effect
was observed on ratio of a-carotene to lutein («C/lut, P = 5.8 x
10-3). The explained phenotypic variations ranged from 9.0%
(«Cllut) to 29.9% («C), and the maximum fold change range
from 1.3 («C/lut) to 2.6 («C/TC) (Table 2). SNP1343 (C/T),
localized in the 5’UTR, was also significantly associated with
aC, a«C/TC and «Cllut (P = 1.4 x 1073, P = 3.4 x 1073,
P = 1.2 x 1073, respectively). The levels of LD between
SNP1343 and 11 SNPs as well as SNP2172 were low, whereas
SNP1343 showed a moderate level of LD with the polymorphic
sites in the coding region of ZmcrtRB3 (Figure 1C). SNP1343
explained 8.7% to 15.0% of the phenotypic variations, and
there was 1.4 to 1.8-fold difference between the favorable (T)
and the unfavorable allele (C) (Table 2). The effects of these
two SNPs suggest that ZmcrtRB3 contributes mainly to «-
carotene compared with g-carotene or g-cryptoxanthin in maize
kernels.
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Figure 1. Association mapping results and LD pattern of ZmcrtRB3.
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(A) Associations between polymorphic sites in ZmcrtRB3 and «C, «C/TC, aC/lut. «C, «a-carotene; «C/TC, the ratio of w-carotene to total

carotenoids; «C/lut, the ratio of a-carotene to lutein.

(B) Gene structure of ZmcrtRB3. The black rectangles represent position of exons in ZmcrtRB3.

(C) LD pattern of the polymorphic sites in ZmcrtRB3 significantly associated with 16 carotenoid related traits.

The dotted lines across the whole figure indicate the positions of two significant single nucleotide polymorphisms in the gene and LD matrix.

Table 2. Summary of associations between polymorphic sites in ZmcrtRB3 with «-carotenoid related traits in maize kernel

Polymorphic sites? Alleles Frequencies Traits® P-values? R? (%)® Fold changef

SNP1343 C/IT 98/43 aC 1.4 x 1073 8.7 1.7
aCITC 3.4 x 1073 8.8 1.8
«C/lut 1.2 x 1073 15.0 1.4

SNP2172 G/C 16/95 aC 1.1 x 1079 29.9 2.3
aCITC 3.7 x 10°8 34.8 2.6
«C/lut 5.8 x 1073 9.0 1.3

20nly polymorphic sites significantly associated with «C, «C/ALL, «C/lut are shown.
bThe favorable alleles associated with higher «C are in bold and underlined.

®aC, a-carotene; «C/TC, the ratio of a-carotene to total carotenoids; aC/lut, the ratio of a-carotene to lutein.

4P values for association analysis are calculated using a mixed model incorporating population structure and kinship in TASSEL 2.1.0.

©R? from ANovA shows the percentage of phenotypic variation explained.

fFold change was calculated between the favorable allele and the unfavorable allele.
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Table 3. Haplotype effects of SNP1343 and SNP2172 in
ZmcrtRB3

Haplotypes Means + SDP

(SNP1343/

SNP2172)2 n aC (ug/g) aC/TC aCl/lut
c/C 87 0.123 + 0.007 0.011 4+ 0.001 0.030 £ 0.001
T/C 7 0.129 +0.009 0.010 & 0.002 0.038 + 0.008
C/G 11 0.253 £0.023 0.024 + 0.004 0.037 + 0.002
T/G 5 0.34540.020 0.036 + 0.009 0.049 + 0.007
R2 (%)° 34.7 40.9 214

P valued 7.9 x 10710 42 x 10712 1.1 x 1072
Fold change® 2.8 3.7 1.7

8The favorable alleles for «C are in bold and underlined.

baC, a-carotene; «C/TC, the ratio of a-carotene to total carotenoids.
aC/lut, the ratio of «w-carotene to lutein.

°R2 from ANovA shows the percentage of phenotypic variation
explained.

dP-values for association analysis are calculated using ANOVA.
€Fold change was calculated between the most favorable
haplotype and the least favorable haplotype.

Haplotype analysis revealed that four haplotypic classes
exist in the present analyzed association mapping panel as
SNP1343 and SNP2172 were in weak LD, which allows the
full differentiation of the effects of each polymorphism. Of the
four haplotype classes, the haplotypes with both favorable
alleles of two sites (T/G) were the most favorable haplo-
types for «C, «C/TC and «C/lut, which with both unfavor-
able alleles (C/C) were the least favorable haplotypes for
aC and «C/lut, whereas two haplotype classes (C/C, T/C)
had similar effects on «C/TC (Table 3). Overall, the most
favorable haplotypes exhibited a 2.8-, 3.7- and 1.7-fold in-
crease over the least favorable haplotypes for «C, «C/TC
and «C/lut, respectively. In addition, the haplotype from two
polymorphic sites in ZmcrtRB3 accounted for 34.7% of the
phenotypic variation for «C, 40.9% for «C/TC, and 21.4% for
aC/lut.

Sequentially, a molecular marker based on cleaved amplified
polymorphic sequences (CAPS) was developed for SNP2172
for the molecular breeding of pro-vitamin A carotenoids in
maize kernels (Figure S4). The searches for restriction endonu-
clease sites found that no restriction sites were available for
SNP1343 while they did exist for SNP2172. For SNP2172, the
PCR products were digested into 48 bp and 293 bp fragments
by Mval when the alleles were C, whereas they were not
cleaved when the alleles were G. Thus, the polymorphisms
reflecting on agarose gels can be applied in selecting the
favorable alleles of ZmcrtRB3 in high pro-vitamin A molecular
breeding.

1500
- i
900

i@

17

10 -

| ——
\ -
 \——

Relative expression levels *+ 5D

Tassel
Silk
Husk

Emb_15 DAP
End_15 DAP
Emb_20 DAP

Seedling leal
Seedling root
Three ear-leaves
End_20 DAP
Emb_25 DAP
End_25 DAP

Figure 2. Expression pattern of ZmcrtRB3 in various tissues in
B73.

DAP, days after pollination; Emb, embryo; End, endosperm.

Expression profile of ZmcrtRB3

Real-time quantitative reverse transcription (QRT)-PCR of 12
different tissues in B73 was performed to address the expres-
sion profile of ZmcrtRB3. The expression levels of ZmcrtRB3
were extremely high in seedling leaf, whereas relatively low
expression was detected in root, embryo and endosperm
(Figure 2). Further investigation of ZmcrtRB3 expression carried
out in the embryo and endosperm at 15, 20 and 25 DAP of five
additional inbreds showed that the expression of ZmcrtRB3 was
genotype dependent (Figure S5). On average, the expression
level was the highest in embryo and endosperm at 15 DAP
and 20 DAP, respectively. To address whether the increase of
a-carotene content and composition in maize inbreds was due
to SNP1343 in the 5’'UTR region of ZmcrtRB3, the transcript
level of ZmcrtRB3 in embryo and endosperm at 20 DAP was
quantified, but no correlations were observed between Zm-
crtRB3 expression level and a-carotene composition («C/TC
and «C/lut). However, a very weak association was detected
only for a-carotene content (Figure 3). These results imply that
different alleles of ZmcrtRB3 identified in the present study
might not be associated with the transcription. However, we
do not rule out the effect of this SNP on ZmcrtRB3 at post-
transcriptional levels as different genotypes having SNP1343
did not show variation in the coding region.

On the basis of retinal structure, a-carotene, g-carotene and -
cryptoxanthin are considered as pro-vitamin A carotenoids due
to their vitamin A activity. To address VAD by biofortification,

Discussion
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Figure 3. Correlation between ZmcrtRB3 expression levels in embryo and endosperm at 20 DAP and «-carotenoid related traits.

(A) Correlation between ZmcrtRB3 expression levels and «C.
(B) Correlation between ZmcrtRB3 expression levels and «C/TC.
(C) Correlation between ZmcrtRB3 expression levels and aC/lut.

«C, a-carotene; «C/TC, the ratio of a-carotene to total carotenoids; «C/lut, the ratio of «-carotene to lutein.

it is necessary to understand the accumulation mechanisms of
pro-vitamin A carotenoids including biosynthesis and degra-
dation in maize kernels. Prior studies pointed out that four
carotenoid hydroxylases in two classes, the cytochrome P450
enzymes (CYP97A3 and CYP97C1) and non-heme di-iron
enzymes (BCH1 and BCH2), catalyze the formation of non pro-
vitamin A carotenoids (lutein and zeaxanthin) from pro-vitamin
A carotenoids (Sun et al. 1996; Tian and DellaPenna 2001;
Tian et al. 2003). Further investigation in A. thaliana showed
that carotenoid hydroxylases (BCH1 and BCH2) co-regulated
the metabolism of w-carotene and g-carotene (Kim et al. 2009).
However, carotenoid hydroxylases are primarily responsible
for catalyzing hydroxylation of g-carotene metabolism in maize
(Vallabhaneni et al. 2009; Yan et al. 2010; Li et al. 2010).
Here, we found that a gene, ZmcrtRB3, encoding a carotenoid
hydroxylase, was able to catalyze a-carotene in maize kernels.
QTL mapping and candidate-gene association mapping in mul-
tiple environments also indicated that the enzyme ZmcrtRB3
has arole in hydrolyzing g-carotene, whereas natural variations
in ZmcrtRB3 exhibited more association with the level of a-
carotene than g-carotene. It seems reasonable as crtRB1 have
extremely high activity in hydrolyzing pg-carotene to form g-
cryptoxanthin in maize kernel (Yan et al. 2010). Additionally,
the high expression of ZmcrtRB3 in seedling leaves suggests
that ZmcrtRB3 may play a more important role in carotenoid
hydrolyzation in leaves than that in maize kernel as carotenoids
play vital roles in photosynthesis, especially in photoprotection
and light collection (Demmig-Adams et al. 1996). These results
will broaden our knowledge on the biosynthesis mechanism
of pro-vitamin A carotenoids and will help to understand how
ZmcrtRB3 enhancing the hydroxylation activity in hydrolyzing
a-carotene. Further analysis of the correlation between Zm-

crtRB3 expression level and «-carotene-related traits did not
support the biological function of ZmcrtRB3 in the carotenoid
metabolism pathway. This may be due to limited samples
in limited environments for analyzing the expression pattern
of ZmcrtRB3. Thus, continuing function observations, such
as gene silencing and enzyme activity, are necessary to
unravel the biological mechanism of ZmcrtRB3 in hydrolyzing
a-carotene.

Two SNPs, SNP1343 and SNP2172, in the non-coding re-
gion of ZmcrtRB3 were significantly associated with «-carotene
content and composition. As SNP1343 was located in 5’UTR,
it might regulate the hydroxylation of «-carotene by increasing
the expression level of ZmcrtRB3 to improve the activity of
its enzyme. However, this hypothesis was not supported by
the transcript profile of ZmcrtRB3 in endosperm. Thus, the
role of SNP1434 in the regulation of the «-carotene level in
maize kernel is still unclear. SNP2172 located in the second
intron seems to be a real functional site in ZmcrtRB3 as
numerous studies have validated the role of natural variations
in introns to human disease (Sasabe et al. 2007; Saxena
et al. 2007; Belbin et al. 2008). Additionally, it is possible that
these two SNPs are in strong LD with upstream regulatory
elements, which were not detected in this study. Actually, the
effects of genes on targeted traits by the regulation of long-
distance upstream regulatory elements were common in maize
such as long distance cis-acting regulatory element >41 kb
upstream of Teosinte branched1 (tb1) acting in altering tb1
transcription to affect phenotypic variations (Clark et al. 2006;
Studer et al. 2011; Zhou et al. 2011); and another cis-acting
regulatory element, Vgt1, positioned 70kb upstream of an Ap2-
like transcription factor is a key component for flowering time
in maize (Salvi et al. 2007).
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From a purely breeding point of view, SNP1343 and
SNP2172 are still potential polymorphic sites to develop func-
tional markers that could be used in marker assisted breeding
for pro-vitamin A in maize. The functional sites of PSY1,
LCYE and crtRB1 were well characterized in maize, and
the corresponding PCR-based friendly markers were available
(Harjes et al. 2008; Yan et al. 2010; ZY Fu et al. unpubl. data).
The combination of favorable alleles of LCYE and crtRB1 has
been exhibited to efficiently improve the level of pro-vitamin A
carotenoids by increasing g-carotene content (Yan et al. 2010),
and the integration of another favorable allele of PSY1 further
demonstrated the improvement of all carotenoids derivatives by
increasing more substrates to carotenoid biosynthetic pathway
in maize kernels (ZY Fu et al. unpubl. data). Therefore, pyra-
miding of favorable alleles of carotenoids biosynthetic pathway
genes in maize including ZmcrtRB3 will definitely enhance the
level of pro-vitamin A carotenoids, particularly a-carotene in
maize kernels as ZmcrtRB3 performed functions in hydrolyzing
«a-carotene. Yet, the pro-vitamin A carotenoids are in the
dynamic carotenoid metabolism pathway and interact in a com-
plex way. A key enzyme might regulate the natural variations of
over two carotenoids. For example, ZmcrtRB3 had a functional
signal of hydrolyzing g-carotene besides a-carotene. To obtain
the highest levels of pro-vitamin A carotenoids by combining the
favorable alleles of PSY1, LCYE, crtRB1 and ZmcrtRB3, further
investigation should be conducted to assess their combinatorial
effects on carotenoid content and composition especially pro-
vitamin A carotenoids in maize kernels.

Materials and Methods N

Plant materials and phenotyping

A RIL population derived from a single cross between By804
and B73 was used to map ZmcrtRB3. The details of experimen-
tal condition and carotenoids measurement from 245 RILs have
been described in our previous study (Chander et al. 2008). A
maize association panel consisting of 155 inbred lines (Yang
et al. 2010) was used to detect the associations between the
nucleotide polymorphisms of ZmcrtRB3 and carotenoid content
as well as compositions in maize kernel. The panel was planted
in a randomized complete block design with two replications at
the farm of China Agricultural University during summer 2006
and 2007 (Beijing, BJ, E 116°11’, N40°81’), and winter 2007
(Hainan, HN, E 108°56’, N 18°19') whereas one replication
was planted at the farm of the Sichuan Agricultural University in
summer 2009 (Ya'an, YA, E 102°59’, N 29°58'). Each genotype
was grown in a single row of 3 m length, spaced 0.67 m apart
with a planting density of 45 000 plants/ha. More than six ears
in each line were self-pollinated and equal amounts of kernels
from selfed ears in individual lines from each replication were

bulked for chemical analysis. Among 155 inbred lines, only
126 lines having yellow kernel color were phenotyped and
genotyped. The best linear unbiased predictors (BLUPs) for
individual traits in each line were calculated using SAS 8.02
(SAS Institute 1999) in both RIL and association mapping
populations. BLUPs for each line across environments were
used for the overall analysis.

Mining candidate genes

Based on the knowledge of carotenoid biosynthesis path-
way (EMP, Enzymes and Metabolic Pathways database,
http://www.plantcyc.org), the protein sequences of carotenoid
hydroxylase homologous genes BCH1 and BCHZ2 in A. thaliana
were retrieved from TAIR (http://www.arabidopsis.org). The
homologous sequences of BCH1 and BCH2 in maize were
obtained via tblastn in NCBI (http://www.ncbi.nlm.nih.gov).
The related BAC sequences in maize were identified
in MAGI database (http://magi.plantgenomics.iastate.edu)
and in silico mapped in maize sequence database
(http://www.maizesequence.org). The best matched BAC se-
quences located the targeted genomic regions were used for
sequence analysis.

RNA preparation and reverse transcription

Total RNA was extracted from different plant tissues in various
lines (Table S2) using a RNA extraction kit (BioTeke, Beijing,
China). The first-strand cDNA was synthesized in a volume of
20 plL containing 2 pg RNA, 40 U RNasin (TaKaRa, Kyoto,
Japan), 0.5 ug oligo (dT) primers and 200 U M-MLV reverse
transcriptase (Promega, Madison, WI, USA).

Gene structure and cloning of full-length cDNA

To define the gene structure of ZmcrtRB3, the InterProScan
Sequence Search (http://www.ebi.ac.uk/Tools/pfa/iprscan) and
the Gene Finding program (http://mendel.cs.rhul.ac.uk) were
used. The gene structure was further confirmed by the se-
quences of full-length cDNA.

The first-strand cDNA from embryo at 20 DAP in B73
was used to obtain the full-length cDNA of ZmcrtRB3 us-
ing Rapid Amplification of cDNA 3'Ends (3'RACE) (Invitro-
gen Carlsbad, CA, USA). To ensure the specificity of RACE
primers, five orthologs of carotenoid hydroxylase in maize,
ZmcrtRB2 (1.01bin), ZmcrtRB3 (2.03bin), ZmcrtRB4 (4.09bin),
ZmcrtRB5 (9.07bin) and ZmcrtRB1 (10.05bin) (Yan et al. 2010),
were used for sequence alignments. The alignments of cDNA
sequences showed the differences between ZmcrtRB3 and
other orthologs, and two specific forward primers (ZmcrtRB3
1F, ZmcrtRB3 2F, Table S3) for 3'RACE were developed
using Primer 5.0. The 3'RACE products were amplified and
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sequenced after purification with agarose gel DNA purification
kit (TianGen Biotech, Beijing, China).

Genotyping and sequence analysis

The genomic sequence of ZmcrtRB3 was used to design
primers by Primer 5.0. Four primers (Table S3) covering the
whole gene were used to sequence ZmcrtRB3 in 126 maize
lines. The sequences were assembled using ContigExpress in
Vector NTI Advance 10 (Invitrogen), aligned using MUSCLE
(Edgar 2004), and manually corrected by BioEdit (Hall 1999).

Linkage mapping and QTL mapping

The polymorphisms between two parents (By804 and B73)
of the RIL population were identified using the alignment of
ZmcrtRB3 sequences. For mapping of ZmcrtRB3, primers
(M1F/R, Table S3) were designed in the flanking region of
the polymorphic sites, and used to genotype 245 lines in the
By804/B73 RIL population. MAPMAKER/EXP 3.0 (Lincoln et al.
1992) was used to integrate ZmcrtRB3 locus into the previ-
ously constructed linkage map of By804/B73 RIL population
(Chander et al. 2008). The Kosambi mapping function was
used for converting recombination values to map distances.

The BLUPs of 16 carotenoid related traits for each line
across two environments in the By804/B73 RIL popula-
tion (Chander et al. 2008) were used for QTL mapping.
These traits included «a-carotene, g-carotene, g-cryptoxanthin,
lutein, zeaxanthin content and composition, total carotenoid
content, pro-vitamin A content (sum of o«-carotene, g-
carotene and g-cryptoxanthin), the «/g-carotene ratio, the «-
carotene/lutein ratio, the g-carotene/g-cryptoxanthin ratio, and
the p-cryptoxanthin/zeaxanthin ratio. The composite interval
mapping model (Zeng et al. 1994) implemented in QTL Car-
tographer V2.5 (Wang et al. 2005) was used to map QTL
for carotenoid-related traits in the RIL population using the
linkage map integrated with the M1 marker (ZmcrtRB3). Model
6 was used to detect QTL with a window size of 10 cM, five
control markers and the forward regression method. For each
trait, a genome-wide threshold for declaring putative QTL was
estimated by 1 000 random permutations (Doerge and Churchill
1996) at a significance level of 0.05.

Linkage disequilibrium and candidate-gene
association analysis

The polymorphic sites (SNPs and InDels) of ZmcrtRB3 with
minor allele frequency (MAR) >0.05 in 126 maize lines were
extracted using TASSEL 2.1.0 (Bradbury et al. 2007). The
levels of LD between two sites were calculated in TASSEL
2.1.0. The LD plot of ZmcrtRB3 was painted by the averaged
r? within a sliding window with a window size of 400 bp and a
step size of 200 bp. The associations between the extracted

SNPs and InDels with MAF >0.05 and 16 carotenoid-related
traits were carried out using a mixed model (Yu et al. 2006)
incorporating population structure and kinship (Yang et al.
2010) in TASSEL 2.1.0. The phenotypic variations explained by
individual SNPs and the effects of haplotypes were estimated
by one-way of analysis of variance (aNovA) in EXCEL.

Real-time qRT-PCR

Twelve different tissues (Table S2) from maize inbred line
B73, and embryo and endosperm at 15, 20 and 25 DAP in
five selected inbred lines, namely Zheng58, Chang7—2, SC55,
CI7 and DE.EX were collected and used for the expression
of ZmcrtRB3. Furthermore, the embryo and endosperm at 20
DAP in 12 additional inbred lines (Table S2) were also collected
to investigate the associations between the expression levels
of ZmertRB3 and carotenoid related traits in maize kernel.
ZmcrtRB3 specific primers (Exp 2F/1R, Table S3) were used
to perform real-time qRT-PCR using the Ex Taqg premix kit
(TaKaRa Shuzo, Japan) in ABI 7500 Real-Time FAST PCR
System (Applied Biosystems Foster City, CA, USA). Three
replicates of each sample were obtained and the 2-24C;
method (Livak and Schmittgen 2001) was used to calculate
the relative expression levels of ZmcrtRB3 with actin as the en-
dogenous control. The endosperm at 20 DAP of B73 was used
as a reference sample. Correlation analysis was performed
using PROC CORR in SAS 8.02 (SAS Institute 1999).

Accession numbers

GenBank sequences of ZmcrtRB3 in this study are de-
posited under the accession numbers JQ420132, JQ288306-
JQ288417.
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