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Summary
Cereal grains are deficient in vitamins and essential minerals, leading to deficiency dis-

eases in countries where cereals are the staple diet. By using combinatorial genetic trans-
formation of multiple carotenogenic genes we were able to generate a variety of corn geno-
types with different vitamin complements. We discuss three different outputs in the con-
text of engineering complex multi-step pathways in plants. Such transgenic plants will
contribute to broader strategies for food security and poverty alleviation, particularly in
the developing world. Furthermore, by using a system biology approach we can gain fur-
ther insights on how complex metabolic pathways are regulated in plants.

INTRODUCTION
It is becoming increasingly apparent that multi-step engineering, where partial or complete

pathways are reconstructed or extended by the expression of multiple enzymes simultaneously,
is the most desirable way to study and modulate complex pathways such as carotenoid biosyn-
thesis. Until recently, multi-gene engineering was a significant hurdle in complex pathway
analysis due to the diminishing rate of return as more transgenes are introduced simultaneously.
We have addressed this challenge by developing a combinatorial nuclear transformation strate-
gy, allowing us to generate a combinatorial metabolic library of plants for the investigation of
carotenoid biosynthesis and the synthesis of specific combinations of carotenoids (Zhu et al.,
2008). We used a white maize inbred, which lacks carotenoids in the endosperm due to the
absence of the enzyme phytoene synthase 1. After transforming with five carotenogenic trans-
genes, we recovered plants carrying all combinations of the input genes. This combinatorial pop-
ulation was mined for phenotypes corresponding to the production of specific carotenoids. 

By taking advantage of favorable genetic backgrounds in terms of the accumulation of par-
ticular carotenoids we created “designer transgenic lines” with targeted carotenoid profiles.
Such approaches will accelerate the development of nutritionally “complete” cereals for
humanitarian applications.
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RESULTS AND DISCUSSION
We have developed a novel approach for the dissection and modification of complex metabolic

pathways in plants based on combinatorial nuclear transformation and the generation of metabolic
libraries. We demonstrated the principle by transforming white maize with genes encoding enzymes
involved in carotenoid biosynthesis (Zhu et al., 2008). As well as gaining insight into the mecha-
nisms underlying carotenoid biosynthesis in plants, our approach provides a convenient strategy for
the rapid identification of metabolic variants with desirable modified properties. For example, we
identified plants with extraordinarily high levels of unsubstituted carotenoids (carotenes) and plants
with complex mixtures of hydroxy- and keto-carotenoids (xanthophylls). This approach is much
simpler than traditional methods for the modification of the carotenoid pathway since it relies on
probability and random sampling to generate a library of metabolic variants and a rapid visual selec-
tion process to identify lines of interest. In principle, our approach is analogous to standard mutage-
nesis screens although in this case the ‘mutants’ are generated not by random mutagenesis to create
loss-of-function phenotypes, but by random multiplex transgene insertion to create synthetic mutants
with partially reconstructed pathways. This strategy allowed the creation of multivitamin corn which
in addition accumulates folic acid and vitamin C (Naqvi et al., 2009).

We also demonstrate that introgressing an induced (transgenic) mini carotenoid pathway from
a transgenic line accumulating high levels of carotenoids into a wild-type yellow-endosperm vari-
ety gives rise to a novel hybrid line producing zeaxanthin at an unprecedented 56 µg/g dry weight.
Our results indicate that the yellow corn background compensated for inefficient activity at every
step of the pathway conferred by the transgenes. We thus show that significant increases in zeax-
anthin levels can be achieved by combining conventional breeding with genetic engineering.
Whereas genetic engineering provides advantages such as speed and access beyond the species
gene pool, it can be difficult and/or time consuming to transform locally-adapted varieties direct-
ly and therefore make a practical impact on nutrition and health. Conventional breeding for
improved nutrition is slow and laborious, particularly where the intent is to modify several differ-
ent metabolic pathways simultaneously and is limited to the gene pools of compatible species. Our
combined approach cherry-picks the advantages of both systems –the speed, power and accessi-
bility of genetic engineering and the diversity and practicality of conventional breeding, to gener-
ate nutritionally enhanced crops with unprecedented levels of a key nutrient in the human diet.
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