REPORTS

330

13. E. M. De Robertis, ]. Larrain, M. Oelgeschlager, O. Wessely,
Nat. Rev. Genet. 1, 171 (2000).

14. H. C. Korswagen, Bioessays 24, 801 (2002).

15. M. T. Veeman, ]. D. Axelrod, R. T. Moon, Dev. Cell 5, 367
(2003).

16. C. Niehrs, Nat. Rev. Genet. 5, 425 (2004).

17. C. Kiecker, C. Niehrs, Development 128, 4189
(2001).

18. R. Harland, ). Gerhart, Annu. Rev. Cell Dev. Biol. 13, 611
(1997).

19. ). K. Yu et al., Nature 445, 613 (2007).

20. A. Kusserow et al., Nature 433, 156 (2005).

21. M. Broun, L. Gee, B. Reinhardt, H. R. Bode, Development
132, 2907 (2005).

22. M. A. Hilliard, C. I. Bargmann, Dev. Cell 10, 379
(2006).

23. H. Takeshita, H. Sawa, Genes Dev. 19, 1743 (2005).

24. C. Nusslein-Volhard, E. Wieschaus, Nature 287, 795
(1980).

25. K. Miyawaki et al., Mech. Dev. 121, 119 (2004).

26. S. Q. Schneider, B. Bowerman, Dev. Cell 13, 73 (2007).

27. H. V. Brendsted, Planarian Regeneration (Pergamon
Press, London, ed. 1, 1969), pp. 276.

28. We thank the Reddien lab, H. Sive, and A. Hochwagen for
discussions and K. Agata for antibodies. This work was
supported by American Cancer Society RSG-07-180-01-
DDC and awards to P.W.R. from the Rita Allen
Foundation, the Searle Foundation, and the Smith

Family Foundation, and by American Cancer Society
postdoctoral fellowship PF-07-046-01-DDC to C.P.P. The
authors declare no competing financial interests.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1149943/DC1
Materials and Methods

Figs. S1 to S4

References

30 August 2007; accepted 27 November 2007
Published online 6 December 2007;
10.1126/science.1149943

Include this information when citing this paper.

Natural Genetic Variation in
Lycopene Epsilon Cyclase Tapped
for Maize Biofortification

Carlos E. Harjes,™ Torbert R. Rocheford,?t Ling Bai,> Thomas P. Brutnell,?
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Dietary vitamin A deficiency causes eye disease in 40 million children each year and places 140
to 250 million at risk for health disorders. Many children in sub-Saharan Africa subsist on
maize-based diets. Maize displays considerable natural variation for carotenoid composition,
including vitamin A precursors a-carotene, B-carotene, and B-cryptoxanthin. Through association
analysis, linkage mapping, expression analysis, and mutagenesis, we show that variation at the
lycopene epsilon cyclase (IcyE) locus alters flux down a-carotene versus B-carotene branches of the
carotenoid pathway. Four natural lcyE polymorphisms explained 58% of the variation in these
two branches and a threefold difference in provitamin A compounds. Selection of favorable

lcyE alleles with inexpensive molecular markers will now enable developing-country breeders to
more effectively produce maize grain with higher provitamin A levels.

aize is the dominant subsistence crop
in much of sub-Saharan Africa and the
Americas, where between 17 and 30%
of children under age of 5 are vitamin A-—
deficient. This results in xerophthalmia (progres-
sive blindness), increased infant morbidity and
mortality, and depressed immunological responses
(/). Vitamin A deficiency starts with inadequate
provitamin A or vitamin A content or bioavailability
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in foods and is exacerbated by disease-induced
malabsorption.

Diet diversification, food fortification, and
supplementation (2—4) have all been used to
combat dietary micronutrient deficiencies. Ide-
ally, all children would have access to a varied
diet rich in fruits and vegetables, but diet di-
versification is often limited by crop seasonality,
expense, and low bioavailability of green leafy
plant carotenoids (5, 6). Poor infrastructure in
developing countries has limited widespread use
of direct vitamin supplementation. Perhaps the
most feasible approach to eradicating death and
disease caused by dietary deficiencies is bio-
fortification, a process by which staple crops are
purposefully bred for higher nutritional density
(7, 8). Although biofortified foods can potentially
be an inexpensive, locally adaptable, and long-
term solution to diet deficiencies, cultural prefer-
ences may limit their acceptance. This may be
particularly true for those crops where transgenics
are the only alternative to boost provitamin A
content, given limited acceptance of genetically
modified organisms in developing countries.

Carotenoids are derived from the isoprenoid
biosynthetic pathway and are precursors of the
plant hormone abscisic acid and of other apo-

carotenoids (9). The first committed step of this
pathway [as recently revised (/0)] is formation
of phytoene from geranylgeranyl diphosphate
by phytoene synthase (vi/psyl) (Fig. 1) (I1).
Recent studies in maize suggest that the psy!/
locus has been the target of a selective sweep
following selection for endosperm-accumulating
carotenoids and shift from white to yellow
kernels (/2). The first branch point of this
pathway (Fig. 1) occurs at cyclization of lyco-
pene where action of lycopene beta cyclase
(LCYB) at both ends of linear lycopene produces
a molecule with two B rings. Alternatively, the
coaction of LCYB and lycopene epsilon cyclase
(LCYE) generates a B,e-carotene that is a
precursor to lutein (/3). Relative activities of
LCYB and LCYE are hypothesized to regulate
the proportion of carotenes directed to each
branch of this pathway (/3—15). Indeed, trans-
genic manipulations of LCYE expression in
Arabidopsis, potato, and Brassica increase the
pool of B ring—containing carotenes and xantho-
phylls (13, 16-18).

Maize exhibits considerable natural varia-
tion for kernel carotenoids, with some lines
accumulating as much as 66 pg/g. The pre-

i z1s0
v ZDS/CRISTO

lycopene
LCYE / \LCYB
§-carotene y-carotene
LCYB | | ey
a-carotene B-carotene
HYD HYD
zeinoxanthin B-cryptoxanthin
HYD 1 HYD
lutein zeaxanthin
¥
ABA

Fig. 1. Simplified carotenoid biosynthetic path-
way in plants (29). Enzymatic reactions are repre-
sented by arrows, dashed lines represent multiple
enzymatic steps. Substrates in red were evaluated
in this study. Compounds: GGPP, geranylgeranyl
diphosphate; ABA, abscisic acid. Enzymes: PSY,
phytoene synthase; PDS, phytoene desaturase; Z-1SO,
15-cis zetacarotene isomerase; ZDS, zetacarotene
desaturase; CRTISO, carotene isomerase; HYD,
carotene hydroxylase enzymes, which include e-
and B-ring hydroxylases.
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dominant carotenoids in maize kernels, in
decreasing order of concentration, are lutein,
zeaxanthin, B-carotene, B-cryptoxanthin, and o-
carotene. B-Carotene contains two provitamin A
structures (two nonhydroxylated B-ionone rings)
and B-cryptoxanthin and a-carotene one each
(single nonhydroxylated B-ionone ring). Among
lines included in our diverse maize panel, -
carotene levels reached 13.6 ng/g. However,
most yellow maize grown and consumed
throughout the world has only 0.5 to 1.5 ug/g
B-carotene. Comparisons between [-carotene
and total carotenoids with grain color (scaled
according to shade of yellow) revealed poor
correlations with low R? values (Fig. 2), which

60 A

Content (ug)

indicated that marker-assisted selection (MAS)
may prove much more efficient than selection
based on color alone.

To dissect the phenotypic diversity, we used
an association-mapping approach that exploits
the genetic diversity of maize to provide resolu-
tion within 2000 base pairs (bp) (/9-21). In the
context of plant breeding, this has the added
advantage of identifying the most favorable allele
within a diverse genetic background, which
provides the necessary genotypic information to
facilitate the design of efficient maize introgres-
sion and selection schemes throughout the
world. We complemented the association map-
ping with linkage mapping to evaluate the

Total Carotenoids

R?=0.119

.
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37.36 ug/g

B-carotene
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Fig. 2. Grain color and carotenoid content. The graphs depict the low correlation between visual grain
color and total carotenoids, B-carotene, and B-cryptoxanthin in diverse inbreds. In these kernels, the
shade of yellow ranges from white (score of 1) to dark orange (score of 6). White kernels were excluded
from the analysis. The difficulty in visual selection for B-carotene content is further exemplified by the
images on the left, where the yellow maize below has higher -carotene than the orange variety above.
These correlations are across the diverse panel of 228 maize inbreds; correlations for grain color and total
carotenoids are higher when scored across segregating populations and narrow ranges of germ plasm, but
correlations for B-carotene and B-cryptoxanthin remain low.
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Fig. 3. Schematic diagram of the maize [cyE. Putative transcription start sites are depicted with orange
arrow, translated exons as black squares, and the sampled regions as gray boxes. Polymorphisms that
significantly associated with changes in flux between the lutein and zeaxanthin branches of the pathway
are labeled with asterisks. The 5’ transposable element insertion(s) are represented by the white triangles.
Positions relative to the sequence alignment are indicated numerically above the polymorphisms.
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effects in a genetically less complex back-
ground and with a mutagenesis program to
isolate novel allelic variation within an elite
near-isogenic background.

To evaluate functional diversity (Fig. 1), eight
candidate genes representing select members of
gene families encoding biosynthetic enzymes of
the carotenoid pathway were sampled across a
diverse panel of 288 maize lines, of which 204
were yellow. Subsets of yellow lines were grown
in four different years and surveyed for whole-
kernel carotenoids by high-performance liquid
chromatography (HPLC). The yellow lines
averaged 23 pg/g for total carotenoids (range
5.5 to 66.0 pg/g) and 1.7 pg/g for B-carotene
(range 0.06 to 13.6 pg/g).

For association analysis, we used a mixed-
model approach that controlled for complex
population and pedigree relationships (22).
Among our current sampling of candidate genes,
lycopene epsilon cyclase (IcyE) (14) had the
largest effect on partitioning the two branches
of carotenoids and, consequently, on B-carotene
and B-cryptoxanthin content. In maize, the
single-copy lcyE gene consists of 10 exons
spanning 3640 bp (Fig. 3). After initial associa-
tion and screening for polymorphisms in key
haplotypes, four regions were selected and scored
across the entire panel. On the basis of the
position of LCYE in the biochemical pathway,
we predicted that the ratio of the sum of kernel
carotenoids from each pathway branch would
form the strongest association. Indeed, this was
confirmed (Table 1), with the strength of the
association confirming that /cyE plays a key role
in controlling this ratio. Correspondingly, levels
of predominant provitamin A compounds f-
carotene and B-cryptoxanthin were also highly
associated with lcyE.

Subsequent haplotype analysis revealed sev-
eral probable causative polymorphisms for the
ratio of o- and B-carotene branches for the 2003
field season (table S1). A large promoter indel
and an amino acid substitution in exon 1 explain
most of the variation (R2 =36%; n=135; P=
1.27 x 107'?) with a 5.2-fold effect. A second
indel in the 3’ UTR also has a significant 3.3-fold
effect and contributes to variation not explained
by the promoter polymorphism (type III SS;
P=1.9 x 10™*. The fourth significant polymor-
phism at position 2238 in intron 4 was associated
with a 2.5-fold effect (type III SS; P = 0.0003).
The overall, four-term model explains 58% of
the variation (P = 9.2 x 10~"7). These signifi-
cant polymorphisms exhibit some linkage dis-
equilibrium (LD), and only nine haplotypic classes
exist in our sample, which limits full differen-
tiation of the effects of each polymorphism.
Overall, there is a ninefold difference between
two of the more differentiated haplotype clas-
ses, and sixfold between two more common
haplotypes (table S2). There was a threefold
increase in the proportion of B-carotene and B-
cryptoxanthin between the common haplotypes.
Verification of these results was provided by
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significant associations in subsequent field sea-
sons (Table 1).

Expression analysis indicated that lcyE is
preferentially expressed in the endosperm rela-
tive to the embryo (fig. S1). Expression profil-
ing of kernels at 15 and 20 days after pollination
(DAP) indicated expression levels correlated
well with the ratio of carotenoids from each
pathway branch, explaining 70 to 76% of the
variance. Lines with transposon insertions near
the start site had much lower expression levels
[in 15 DAP and 20 DAP lower by a factor of
3.7 and 13, respectively (fig. S2)]. The 3’ indel
may also have expression effects, but our sta-
tistical tests lacked the power to confirm this
hypothesis. A quantitative trait locus (QTL) exper-
iment that examined segregation of B73-Mol7
alleles in leaves found significant variation in
the cis-regulation of /cyE expression, along with
several other regions that also contribute to ex-
pression level control of lcyE (fig. S3).

In a previous study, three major QTL were
identified for accumulation of carotenoids in
maize (23). Two of these QTL colocalized with
vyl and zeta carotene desaturase (zds); the third
QTL mapped to a region without a candidate
gene. We mapped lcyE to chromosome 8 bin 5,
near marker bnlg1599, and it colocalized with
this previously undetermined QTL. This QTL
showed significant effects for modification of
the ratio of o to  branch carotenoids [logarithm
of the odds ratio for linkage (or lod) score of
34.05; R* 54.4%] and explained 31.7% of the
variation for lutein (lod 16.5). The magnitude of
effects was not as large as in association or
mutagenesis analysis. However, this biparental
QTL population only segregated for the amino
substitution (at codon 216) and a modest promoter
polymorphism and does not segregate for the 3’
polymorphism. Notably, this QTL was not signif-
icant for total carotenoids, which further supports
the conclusion that variation within /cyE gene
underlies this QTL for carotenoid composition.

Table 1. [cyE associations across seasons. Association results for signifi-
cant polymorphisms identified in the four regions sampled along the lcyE
gene. Each polymorphism is labeled numerically by its position on the
alignment relative to the exon 1 start codon. Followed by the favorable
allele (bold)/unfavorable allele at the site. An initial scan for association
using both B-carotene and the ratio of the two pathway branches was

To confirm association and QTL results,
mutagenesis induced by ethane methyl sulfonate
(EMS) was conducted to isolate additional
alleles of lcyE. Two M, ears of inbred Qx47
segregated for a distinct change in endosperm
color from yellow to orange, with orange reces-
sive to yellow (these color changes were ap-
parent in the inbred isogenic background, but
not in diverse breeding materials). HPLC analy-
sis of orange and yellow kernels confirmed a
shift in the zeaxanthin:lutein ratio in the
direction of zeaxanthin. This orange endosperm
mutation was backcrossed into the standard
genetic inbred line B73, and lcyE was tested as
a candidate gene, which revealed that the Qx47
leyE haplotype cosegregates with orange endo-
sperm and ratio of o-carotene versus [3-carotene
branch carotenoids (fig. S4).

The most favorable haplotype for higher B-
carotene branch carotenoids included both the
large promoter insertion and 3’ 8-bp insertion. In
the diverse panel we tested, this haplotype
occurs in 5% of temperate inbreds and 16% of
tropical inbreds. MAS at this locus should be
effective for several reasons: (i) The most favor-
able haplotype is found with at least modest
frequency in different germ plasm sources and
thus breeders can select donors from their rel-
atively more adapted sources. (ii) The favorable
haplotype has a large effect. (iii) Visual selection
is ineffective for differentiating carotenoid com-
position and selecting provitamin A compounds.
(iv) In comparison with HPLC analysis of
carotenoids, polymerase chain reaction (PCR)
scoring of the lcyE locus is much less expensive
(costing perhaps 1/1000th that of HPLC) and
more accessible to developing countries with
greatest need for provitamin A.

An approach that empowers local breeder
involvement through inexpensive visual selec-
tion for darker yellow to orange kernels to
enhance flux into carotenoid pathway, and also
incorporates MAS for lcyE, should result in

significant.

lcyE association (P),

mixed model of

lcyE association as a ratio across

increased levels of provitamin A compounds.
To expedite creation of improved germ plasm
globally, we provide information on PCR-based
markers (fig. S5). Donor inbreds and improved
breeding lines derived at the International Maize
and Wheat Improvement Center (CIMMYT)
from synthetics of diverse panel inbreds with
higher B-carotene are available by contacting T.
R.R. This will facilitate selection worldwide of
the most favorable lcyE alleles, which we have
begun in our program. We are screening tropical
breeding germ plasm collections in collaboration
with CIMMYT.

To date, MAS for natural variation has been
limited by resolution and scope (germ plasm
diversity). Alleles have generally been charac-
terized in the limited genetic background and
resolution of biparental QTL studies, leaving in
question their relevance to broader germ plasm
(24), particularly for germ plasm outside of the
temperate United States. As a result, the primary
use for MAS is backcross breeding of transgenic
traits. In contrast, the association mapping
approach used here allows for rapid generation
of selectable markers based on performance of
diverse germ plasm. This provides markers more
relevant in a broad genetic background, and that
enables breeders to search for favorable alleles
in their locally adapted germ plasm sources.

In ongoing studies, we are attempting to
identify alleles for other genes in the pathway
that increase total carotenoids and that slow the
conversion of B-carotene to B-cryptoxanthin and
zeaxanthin, to exploit more fully the natural genet-
ic variation potential in provitamin A biofortification
of maize. These results will then be further in-
corporated in breeding efforts to create a healthier
maize crop for the world’s poorest people.

Although the genetic results and strategy
presented here are encouraging, they need to
be placed in context as part of an overall bio-
fortification effort encompassing breeding infra-
structure, seed distribution, societal acceptance,

conducted using the mixed model incorporating population structure and
kinship. Subsequently a simpler general linear model (GLM) was used to
evaluate data sets from additional years, including population structure
(Q), given the oligogenic behavior of the trait the change in flux estimates
for 2003 do not include Q. Avg., average; n.c., nonconvergence; n.s., not

Fold change

B-Carotene/all Ratio of branches environments (GLM) (P) in flux
Environment (year) (2003) (2003) (2002) (2003) (2004) (2005) (2003)
Avg. observation no. (157) (154) (44) (156) (154) (156)
Polymorphic site
5'TE 1+4/213 5.42 x 107* 3.96 x 1071 0.024 8.05 x 107! 0.008 8.61 x 1077 6.5
216 G/T n.c. 1.35 x 107 0.059 1.24 x 107%° 0.003 2.93 x 107° 2.8
2238 G/T 1.22 x 107* 1.69 x 1077 0.008 2.12 x 107 0.023 1.08 x 107° 2.7
2312 A/T 1.70 x 1073 n.c. n.s. 6.84 x 107* 0.026 0.005 2.9
4184 G/A 3.06 x 107* n.c. 8.87 x 107* 223 x 107 0.019 113 x 1078 2.6
4315 C/G 1.84 x 107* 7.01 x 107 0.012 3.07 x 1077 5.75 x 10°* 6.79 x 1077 2.6
3'Indel  8/0 4.80 x 1073 2.75 x 107° n.s. 1.46 x 1078 8.97 x 107* 413 x 107 3.5
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dietary habits, and nutritional impact. Informa-
tion now available on some of these issues is
encouraging. Results from an animal model for
human vitamin A metabolism indicated vitamin
A activity of provitamin A in orange maize was
greater than assumed by a factor of about four
(25). A successful intervention to introduce B-
carotene—tich, orange sweet potato in Mozambique,
where only white sweet potato was previously
cultivated, suggests that orange-colored staple
foods can be acceptable, and their regular con-
sumption results in improved vitamin A status
(26). Related follow-up acceptance studies of
yellow and orange maize in Mozambique and
Zimbabwe are in progress with initial results
encouraging (27). The dietary habits of many
Africans, in which maize is consumed for all
three meals a day, indicates that maize is a good
target for biofortification (28). The recent posi-
tive nutritional and acceptance results will need to
be coordinated with comprehensive breeding and
seed distribution efforts to realize the potential of
provitamin A-biofortified maize, as, for exam-
ple, is coordinated by the HarvestPlus Global
Challenge Program.
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Dual Positive and Negative
Regulation of Wingless Signaling by
Adenomatous Polyposis Coli

Carter M. Takacs, Jason R. Baird, Edward G. Hughes, Sierra S. Kent,
Hassina Benchabane, Raehum Paik, Yashi Ahmed*

The evolutionarily conserved Wnt/Wingless signal transduction pathway directs cell proliferation,
cell fate, and cell death during development in metazoans and is inappropriately activated in
several types of cancer. The majority of colorectal carcinomas contain truncating mutations in the
adenomatous polyposis coli (APC) tumor suppressor, a negative regulator of Wnt/Wingless
signaling. Here, we demonstrate that Drosophila Apc homologs also have an activating role in both
physiological and ectopic Wingless signaling. The Apc amino terminus is important for its
activating function, whereas the B-catenin binding sites are dispensable. Apc likely promotes
Wingless transduction through down-regulation of Axin, a negative regulator of Wingless signaling.
Given the evolutionary conservation of APC in Wnt signal transduction, an activating role may also
be present in vertebrates with relevance to development and cancer.

activate a signal transduction cascade that

directs growth and differentiation in many
tissues during animal development [reviewed in
(1)]. Activation of target genes in response to the
Wnt/Wg signal is dependent on the transcrip-
tional activator B-catenin/Armadillo (Arm). In the
absence of Wnt, four factors—APC, Axin, gly-

The Wnt/Wingless (Wg) secreted proteins
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cogen synthase kinase-3/Zeste white 3, and casein
kinase 1—target B-catenin for phosphorylation
and subsequent proteasomal degradation (2-8).
Axin acts as a scaffold to facilitate p-catenin
phosphorylation by binding B-catenin, APC, and
the two kinases. Wnt-dependent down-regulation
of Axin is important for B-catenin-mediated tran-
scriptional activation (9—/7). Mutational inactiva-
tion of negative regulatory components in the
pathway and the resultant inappropriate activa-
tion of Wnt signaling is associated with the
development of several types of cancer. The
majority of colorectal adenomas and carcinomas

contain mutations that eliminate the carboxy-
terminal half of APC (/).

The Wnt/Wg signaling pathway shows con-
siderable conservation among metazoans. Two
APC homologs exist in humans, mice, and fruit
flies, and the negative regulatory role of APC in
Wnat signaling is conserved from flies to mam-
mals (/2-15). Drosophila Apcl and Apc2 are
ubiquitously expressed, and in most cells act
redundantly to negatively regulate Wg signaling
(16, 17). However, in retinal photoreceptors,
Apc2 activity is low enough that inactivation of
Apcl singly suffices to constitutively activate
Wg signaling (13, 16). In response, all photo-
receptors undergo apoptosis (/3) (Fig. 1, A and
B) and before their deaths some photoreceptors
adopt an aberrant cell fate, as indicated by ec-
topic expression of homothorax and Rhodopsin
3 (18, 19) (fig. S1, A to F).

To identify genes that promote Wg signal-
ing, we performed a genetic screen for suppres-
sors of photoreceptor apoptosis in the ApcI9®
null mutant (Methods). We found that apoptosis
is suppressed by null and hypomorphic 4Apc2
alleles (Fig. 1C; fig. S2, A to C; fig. S3, A to H;
and table S1). Ectopic expression of homothorax
and Rhodopsin 3 is also suppressed, indicating
that suppression of Wg signaling is not restricted
to apoptosis (fig. S1, G to L, and fig. S4, A to
F). Further, ectopic Wg signaling resulting from
Arm overexpression is also partially suppressed
by reduction of Apc2 (fig. S5, A to C). These
data indicate that in addition to its well-established
negative regulatory role, Apc2 also has an ac-
tivating role in ectopic Wg signaling.
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