Chapter 13
Transgenic Pyramiding for Crop Improvement

Bingliang Wan

Abstract In recent years, transgenic pyramiding or stacking technology has gradually
developed with the rapid development of genetically modified (GM) crops. This tech-
nology has unique advantages compared with the transgenic technology of a single
gene. Transgenic pyramiding technology can simultaneously modify several traits of a
crop, particularly the metabolic pathways and yield traits that are usually controlled by
multiple genes. A batch of second generation GM crops with stacked traits has been
commercialized, which mainly include resistances to pest and herbicide, and exhibit
great application potential of transgenic pyramiding breeding. The present stacked GM
crops are developed mainly through the integrated use of vector-based pyramiding and
molecular marker assisted selection (MAS) based crossing/backcrossing pyramiding.
Advances of vector based pyramiding technologies have been achieved on large capac-
ity vectors, multiple-gene assembling, plastid transformation, polyprotein expression
system and combinatorial genetic transformation. The combination of transgenic pyra-
miding and MAS-based pyramiding will help to effectively pyramid more targeted
genes together. The advance of single nucleotide polymorphism (SNP) discovery and
detecting technology has greatly promoted the MAS-based pyramiding in crop breed-
ing. The rapid development of commercialized stacked GM crops, plant metabolic
engineering and crop improvement for disease resistance have proved the successful
applications of transgenic pyramiding. The present review discusses the advances of
transgenic pyramiding technology, the application of transgenic pyramiding in crop
improvement and the prospects and challenges of transgenic pyramiding breeding.
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13.1 Introduction

Transgenic technology has great potential for genetic improvement of crops, in
which foreign genes that crops do not possess can be transferred into a crop’s genome.
Foreign genes can come from animals, microorganisms, and other species. Gene
expression in crops can also be regulated by transgenic technology. Thus, genetically
modified (GM) crops can gain new agronomic traits such as resistances to abiotic
and biotic stress. In addition, metabolic pathways can be modified by applying trans-
genic technology. Considering the unique characteristics of transgenic technology
contrary to conventional breeding, the research and production of transgenic crops
develop rapidly. The global hectarage of GM crops has been increasing every year
since the first GM crop was introduced in 1996. According to the International
Service for the Acquisition of Agri-biotech Applications (ISAAA) report (James
2013), GM crops reached 175.2 million ha in 2013 (100 times greater than in 1996),
distributed across 27 countries and included more than 10 kinds of crops. Although
GM crops are developing rapidly, transgenic technology has not yet achieved its full
potential. Given the constraints of transgenic technology, many GM crops currently
have simple transgenic traits controlled by one or two genes, and thus belong to the
first-generation transgenic crops. Research on GM crops with stacked traits is still at
an early stage, but has exhibited broad application prospects in crop improvement.

Stacked trait GM crops are superior to the single trait GM crops in various aspects.
First, stacked trait GM crops can pyramid multiple genes controlling different traits
into a single transgenic crop variety and simultaneously improve several traits in the
crop. For example, GM maize Agrisure® Viptera™ 3111 (produced by Syngenta)
contains stacked insect-resistance genes (cryIAb, vip3Aa20, and mcry3A) and herbi-
cide-resistance genes (mepsps and pat) (GM Approval Database 2004). This GM
crop is endowed with resistance to Lepidoptera insects, Coleoptera insects, glufos-
inate and glyphosate. Second, the pyramiding of several genes encoding Bt (Bacillus
thuringiensis) toxin proteins with two or more modes of action in a single variety is
an effective strategy for insect-resistance management and can delay the occurrence
of insects with Bt-toxin resistance (Bates et al. 2005; Ghimire et al. 2011; Zhao et al.
2003). Based on the requests of the Environmental Protection Agency in the USA,
20 % (in the Corn Belt) or 50 % (in the Cotton Belt) of a farmer’s corn acreage
should be planted with non-Bt corns as refuge acreage. If corn farmers plant the GM
corns with several Bt genes, the refuge acreage can be reduced to 10 %, allowing
farmers to grow either 10 or 40 % more Bt corns in the same area. Third, the trans-
genic pyramiding is suitable for the modification of biological traits controlled by
multiple genes, such as metabolic pathways, protein complexes and quantitative
traits. The modification of a single gene has no significant effect on these traits.

The focus of this chapter is on the technology for transgenic pyramiding and its
applications in crop improvements. It aims to provide an easily-understandable
overview of the latest developments of techniques involved in large-capacity
vectors, multiple-gene assembling, plastid transformation, polyprotein expression
systems, combinatorial genetic transformation and MAS-based gene pyramiding.
Also, applications in commercialized GM crops, plant metabolic engineering, and
crop improvements for resistances to biotic and abiotic stresses.
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13.2 Technology for Transgenic Pyramiding Breeding

Three methods have been established to pyramid multiple transgenes; namely,
multi-gene transformation, retransformation and sexual hybridization of two or
more transgenic events (Fig. 13.1). The multi-gene transformation method can be
further classified into two types: single-vector transformation and multi-vector co-
transformation. For the single-vector transformation method, multiple genes are
inserted within a single T-DNA, or multiple T-DNAs are included on a binary vec-
tor, the plant transformation of a single-vector is simple, but the assembly of mul-
tiple genes into a conventional vector is difficult owing to vector instability, the lack
of unique restriction sites and the limited vector capacity. By this method, trans-
genes in the transgenic plants are tightly linked and co-integrated in the same loci in
the plant genome, so they will not segregate in offspring. In multi-vector co-
transformation methods, multiple genes are cloned on a different vector, respec-
tively. Multiple strains carrying a different vector are used for simultaneous infection
of plant tissues, or multiple genes in different vectors are simultaneously transferred
to plant cells. The transgenes from the co-transformation are usually co-integrated
at the same position of the transgenic plant chromosomes, which may consequently
be inherited together in the progeny (Halpin 2005).

Retransformation is a valid gene pyramiding method, with which multiple
transgenes can be sequentially introduced into a plant. For retransformation,
every transformation requires a new and different selectable marker from the
original event, which is crucial in this process. The drawback of few available
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Fig. 13.1 Transgenic pyramiding methods in crop improvement
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selective markers restricts the development of retransformation. The retransfor-
mant transgenes are randomly integrated and may segregate in the progeny.
Sexual hybridization, which is flexible for the combination of transgenes but
time-consuming, is a conventional breeding technology that pyramids transgenes
from different events. Considering that the transgenes from different events are
not linked and will segregate in the progeny, a large breeding population is
required to obtain the plant with stacked genes.

MAS is an efficient technology for gene pyramiding in conventional breeding
(Dokku et al. 2013; Hu et al. 2012; Tan et al. 2010). Generally, MAS-based pyra-
miding can be performed using two strategies: backcrossing and crossing (Fig. 13.2).
The backcrossing is used for pyramiding genes into the genetic background of the
recurrent parent to improve a few traits of the recurrent parent while the main traits
of the recurrent parent remain unchanged. The crossing method is used for pyramid-
ing genes into new genetic backgrounds through the genetic recombination of vari-
ous parents to develop a new variety.
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Fig. 13.2 Schemes of backcrossing/crossing pyramiding based on MAS. PI(1), P2(2), P3(3) and
P4(4) represent four different parents carrying different genes (genes are indicated by the numbers
in brackets). P1(12), P1(123) and P1(1234) indicate the improved parent P/(/) carrying different
pyramided genes. L(/234) indicates the new developed line carrying four pyramided genes
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13.2.1 Transgenic Pyramiding Methods in Commercialized
GM Crops

The pyramiding of transgenes in commercialized GM crops is mainly realized
through gene stacking based on vector and sexual hybridization. The Genuity®
SmartStax™ maize developed by Monsanto was derived from the stacking of four
events (MON89034 x TC1507x MONS88017x59122) by conventional crossbreed-
ing. Each event originated from the transformation of a vector with multiple genes.
The event MON89034 was obtained from the transformation of vector PV-ZMIR254
containing Lepidoptera insect-resistance genes (cry2Ab2 and crylA.105 from
Bacillus thuringiensis). The event MON88017 was achieved from the transforma-
tion of vector PV-ZMIR39, which contains glyphosate-resistance gene (cp4 epsps)
and Coleoptera insect-resistance gene (cry3Bbl). The event TC1507 was derived
from the particle bombardment transformation of a linear fragment PHIS999A that
comprises two expression cassettes of Lepidoptera insect-resistance gene (crylFa)
and glufosinate-resistance gene (pat). The event 59122 contains Coleoptera insect-
resistance, particularly corn rootworm-resistance genes (cry34Abl and cry35Abl)
and glufosinate-resistance gene (pat). The Agrisure® Viptera™ 3111 maize devel-
oped by Syngenta, was also derived from four events (Btl1, GA21, MIR162, and
MIR604) by conventional crossbreeding. The event Btl1 was obtained from the
transformation of a vector with stacked genes (crylAb and pat), and has resistances
to Lepidoptera insects and glufosinate herbicide. GA21 was acquired from the
transformation of vector pPDPG434 carrying glyphosate-resistance gene (mepses).
The events, MIR162 and MIR604 were obtained from the transformation of vector
pNOV 1300 containing Lepidoptera insect-resistance gene (vip3Aa20) and pZM26
containing Coleoptera insect-resistance gene (mcry3A).

According to the examples provided, the transgenic pyramiding in commercial-
ized GM crops with stacked traits is realized mainly through conventional cross-
breeding of single events deriving from the vector transformation. Each event must
be tested and approved before becoming commercially available, which is a com-
plex, time-consuming, and arduous process. Considering that the single events used
for crossbreeding have obtained approvals, the stacked products from the conven-
tional crossbreeding do not involve new transformations, and no interaction effect
among the stacked traits happens, the registration as a new GM product and new
approvals are unnecessary for the stacked products from crossbreeding. Thus, this
crossbreeding-based pyramiding can accelerate the commercialization of GM crops
and reduce the research cost for GM crops. This accelerated test and approval pro-
cedure has become the standard in some countries (Taverniers et al. 2008).

In crop production, more stacked transgenes are not necessarily advantageous.
More genes and traits in breeding mean a more complicated and extended breeding
process. In addition, each stacked transgene is protected by intellectual property
rights, thus more stacked transgenes mean greater cost for farmers who use them.
Moreover, the required crop traits are not identical in different crop planting areas.
With the crossbreeding method, the desired transgenic traits can be combined to
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develop the transgenic products suitable to various needs of markets and crop pro-
ductions. Each of four transgenic events (Btl1, GA21, MIR162 and MIR604) con-
tain different transgenes, and the different combinations of these events developed
into various GM varieties. Agrisure™ GT/CB/LL, obtained from the hybridization
of events Btl1 and GA21 and contains stacked genes (crylAb, pat, and mepsps),
providing resistances to Lepidoptera insect, glyphosate and glufosinate. Agrisure®
Viptera™ 2100, from the combination of events Bt11 and MIR162 and with stacked
genes (crylAb, pat, and vip3Aa20), endowing resistances to Lepidoptera and
Coleoptera insects and glufosinate. Agrisure® Viptera™ 3110 was developed by
stacking GA21 on the basis of Agrisure® Viptera™ 2100, adding a glyphosate-
resistance gene (mepsps). Agrisure® Viptera™ 3100 was bred by stacking MIR604
on the basis of Agrisure® Viptera™ 2100, adding a Lepidoptera insect-resistance
gene (mcry3A). Agrisure® Viptera™ 3111 was the result of four events (Btll1,
GA21, MIR162 and MIR604) with five stacked genes (crylAb, pat, vip3AaZ20,
mcry3A and mepsps).

Pyramiding by conventional crossbreeding also has disadvantages. Transgenes
in different events are not linked and have a tendency to segregate in subsequent
breeding progenies. Moreover, transgene loci increase with increasing the crossing
parents, resulting in the complex gene segregation. Therefore, a large and sufficient
breeding population and more breeding generations are needed for the identification
of plants with the stacked genes in offspring. In breeding processes, except for the
target transgenic traits, other agronomic traits should also be selected. Thus, if the
number of pyramided loci exceeds three, it is more difficult to obtain the plant that
is homozygous for all transgene loci.

13.2.2 Development of Transgenic Pyramiding Technology
13.2.2.1 Large-Capacity Vectors

The length capacity of vectors for the inserted DNA fragments limits the assem-
bling of multiple genes in a single vector. The maximum length of the inserted frag-
ment of a conventional binary vector is about 50 kb. However, in actual practice, the
assembly and transformation of a vector with an inserted DNA fragment of more
than 30 kb is difficult. The binary bacterial artificial chromosome (BIBAC) and
transformation-competent artificial chromosome (TAC) are two new kinds of vec-
tors that can be used for genomic library construction and plant transformation. In
contrast to conventional binary vector, BIBAC and TAC can contain an inserted
DNA fragment of up to 200 kb, and are suitable for the transformation of large DNA
fragments (Chang et al. 2003; Hamilton et al. 1999; Kong et al. 2006; Lin et al.
2003; Qu et al. 2003; Zhai et al. 2013). At present, these vectors are mainly used in
the cloning and functional identification of large genome fragments.
Minichromosome is a newly developed gene expression platform for large DNA
fragments. Minichromosome is a micro-artificial chromosome containing the struc-
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ture and function unit of chromosomes, and exists as an episome in the cell period
and cannot match host chromosomes, but can carry genes and transfer genetic infor-
mation between generations (Goyal et al. 2009). The mammalian minichromosomes
have been used as vector systems for gene therapy. However, the minichromosome
construction was not successful in plants until the reports of telomere-mediated chro-
mosomal truncation in maize in 2006 (Yu et al. 2006). Maize minichromosomes
were obtained from A chromosomes and B chromosomes through telomere-mediated
chromosome truncation technology (Yu et al. 2006, 2007). A 2.6 kb Arabidopsis
telomere sequence was transformed into maize to cause chromosomal breakage at
the site of integration, efficiently resulting in the truncated chromosomes. However,
the truncated chromosomes are deficient, and the truncation of A chromosomes
causes an obstacle for the growth and development of the plants that carry the dele-
tion, because they lack essential genes. So the recovery of large truncated chromo-
somes is always difficult through genetic transformation, and moreover the truncated
chromosomes could not be transmitted to the next generation for the gametophytic
lethality at the haploid level. However, these problems can be overcome through
polyploidization of transformants or by using polyploid plants as the target material
for genetic transformation. The gametes of tetraploid plants will be diploid and the
deficiency of truncated chromosomes would be compensated for by additional cop-
ies of the homolog. These problems do not exist in the truncated chromosomes from
B chromosomes, because B chromosomes are basically inert, without any known
active genes. Yu et al. (2007) demonstrated the transgene manipulation using mini-
chromosomes. A transgenic plant carrying a 35S-lox66-Cre expression transgenic
cassette was crossed with a plant carrying the minichromosome, which contains the
promoterless lox71-DsRed gene, and the recombination of lox66 site with lox71 site
was successfully catalyzed by the Cre recombinase, resulting in the transfer of DsRed
and Cre genes and the expression of DsRed gene. As the next-generation genetic
vector, plant minichromosomes are in an initial development stage, and are only
reported in several plants, including maize, rice and Arabidopsis (Murata et al. 2013;
Xu et al. 2012a; Yu et al. 2006, 2007). Larger capacity for the insert DNA fragments
of minichromosome can be expected. Although the exact maximum length is
unknown, the length may reach the Mb level.

13.2.2.2 Multiple-Gene Assembling

Gene assembly is a limiting factor for multiple gene transformation. Conventional
gene assembly is dependent on the specific restriction endonuclease sites. However,
these sites usually cannot satisfy the gene assembly with the increase in the number
of genes. So, a number of restriction endonuclease independent multiple-gene assem-
bling technologies have been developed (Fig. 13.3). In theory, the most convenient
way for multiple-gene assembly is seamless assembly or de novo synthesis of long
chain DNA. At present, DNA fragments of 1-3 kb can be easily synthesized by con-
ventional DNA synthesis technology, and then assembled into the long chain DNA
by seamless assembly. The existing long chain DNA assembling technology includes
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sequence-independent and ligation-independent cloning (SLIC), circular polymerase
extension (CPEC), Gibson isothermal assembly, homologous recombination method
(Gibson et al. 2008, 2009; Li and Elledge 2007, 2012; Quan and Tian 2009) and
iterative assembly systems, such as GoldenBraid (Sarrion-Perdigones et al. 2011).
The CPEC method extends overlapping regions between the insert and vector frag-
ments to form a complete circle plasmid using a polymerase extension mechanism,
and can not only be used for the cloning of a single gene, but also be used for the
cloning of libraries and metabolic pathways. Quan and Tian (2009) successfully
assembled four genes of the metabolic pathway for synthesizing a biodegradable plas-
tic material, poly (3HB-co-4HB) in Escherichia coli into the vector using CPEC. The
CPEC reaction is completed in a single tube, and only needs 2-5 cycles, depending on
the complexity of inserted fragments. The advantage of CPEC is convenience, effi-
ciency and cost-effectiveness. The SLIC method assembles DNA fragments into vec-
tor through in vitro homologous recombination and single-strand annealing. The
ssDNA overhangs in the insert and vector fragments are generated using exonuclease,
and then these fragments can be assembled together by recombination in vitro. The
SLIC method also allows an efficient and reproducible assembly of recombinant
DNA with as many as 5-10 fragments simultaneously (Li and Elledge 2007, 2012).
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Gibson isothermal assembly method assembles multiple overlapping DNA fragments
by using exonuclease III and antibody-bound 7ag DNA polymerase, which allows for
one-step thermocycled in vitro recombination. All these technologies can assemble
DNA fragments of up to 20 kb, and especially, Gibson isothermal assembly in
Saccharomyces cerevisiae can even assemble DNA fragments of 0.5-1 Mb (Gibson
et al. 2008, 2009; Li and Elledge 2012; Quan and Tian 2009).

At present, the popular recombinase-based vector systems for multi-gene assem-
bly are Gateway-based systems, such as MultiSite Gateway (Sasaki et al. 2004) and
MultiRound Gateway (Buntru et al. 2013). The Gateway system is based on the func-
tion of Escherichia coli bacteriophage lambda integrase and two sets of att sites. Two
sets of recombination reactions are catalyzed by the at/B xattP (BP) and attlL x atfR
(LR) Clonase. BP Clonase is responsible for the recombination of a#fB sites with atfP
sites, and LR Clonase catalyzes the recombination of atfL sites with a#fR sites. The
attB sites are added to the two terminals of any interest DNA segment through PCR
reaction with primers containing a#fB sites, and then the DNA segment is cloned into
the donor vector with a#fP sites through BP reaction, resulting in an entry clone con-
taining the insert DNA segment flanked with two atL sites. The insert in entry clone
can be mobilized into any destination vector with a#fR site through the recombination
of atfL site with a#fR site. To facilitate multi-gene assembly, the Gateway variants,
MultiSite Gateway and MultiRound Gateway were developed. Sasaki et al. (2004)
assembled four DNA fragments into a single vector through MultiSite Gateway. By
using six a#fB sites, four DNA segments were cloned into four donor vectors with
corresponding specific attP sites through the BP reaction, creating four different entry
clones, respectively; the four entry clones simultaneously reacted with the destination
vector in the presence of LR clonase, resulting in the construct with the three inserts
in a defined and oriented order (Sasaki et al. 2004). Compared with the MultiSite
Gateway system, that only needs a single LR recombination reaction for multiple
entry clones, the MultiRound Gateway system sequentially delivered multiple entry
clones into a destination vector by multiple rounds of LR recombination reactions
(Chen et al. 2006). These systems are becoming popular in multi-gene assembly
because of the advantage of sequence independence, but they suffer from several
drawbacks in that the assembly process is intricate, time-consuming and expensive.
Chen et al. (2010) developed a multi-gene assembly system named MISSA (for mul-
tiple-round in vivo site-specific assembly), combining the Cre/LoxP recombinase sys-
tem, phage 4 site-specific recombinase system, and conjugal transfer of genes among
bacteria together. MISSA consists of donor vectors and acceptor vectors, and the cor-
responding donor bacteria and acceptor bacteria. The gene transfer from a donor vec-
tor to an acceptor vector can be accomplished through in vivo conjugational transfer
between the corresponding acceptor bacteria and donor bacteria. Therefore, target
genes only need to be assembled into the donor vectors, and then multiple genes in the
donor vectors can be transferred to the acceptor vectors individually through several
rounds of conjugational transfer between the donor bacteria and the acceptor bacteria.
Furthermore, the basic vectors of several acceptor vectors of this system are devel-
oped from BIBAC and TAC; thus, MISSA is not suitable only for the assembly of
multiple-gene, but also for the assembly of large DNA fragment.
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GoldenBraid is an iterative assembly system for multi-gene based on the use of
a second type, IIS restriction enzymes. The second type IIS restriction enzyme rec-
ognizes asymmetric DNA sequences (the recognition site) and cleaves DNA at a
defined position (the cleavage site) several base pairs away from the recognition
site, no specific sequence requiring in the cleavage site, leaving a short overhang in
the digested segments. The segments with complementing overhangs can be assem-
bled together in the defined order, so the cleavage sites can be designed as the
boundaries of DNA segments. In the GoldenBraid system, the parts (e.g. promoters,
coding sequences, terminators, etc.) are created by PCR amplification, adding
appropriate extensions to the primers to ensuring appropriate overhangs, and cloned
into the entry clones flanked by the Bsa I sites. The digested part segments by Bsa I
are assembled together with the digested destination plasmid containing a LacZ cas-
sette flanked by the Bsa I sites in divergent orientation by incubating in a tube, creat-
ing a device (e.g. transcriptional units), where the Bsa I sites have disappeared. In
order to assemble multiple devices together, another second type IIS restriction
enzyme (e.g. Bsm BI) is added to the destination plasmids, so that Bsa [-assembled
devices (the first order assembly) could similarly be assembled in second order
destination plasmids. The GoldenBraid system consists of a set of four destination
plasmids (pDGBs), All pDGBs contain a LacZ selection cassette flanked by four
second Type IIS restriction sites (Bsa I, Bsm BI), but positioned in the inverted posi-
tions and orientations. The relative position of second type IIS restriction sites
inside pDGBs inserts a double loop (braid) topology in the cloning design, so that
the assemblies from first level become entry plasmids for second level assemblies
and vice versa. Using this system, Sarrion-Perdigones et al. (2011) successfully
assembled five devices in a T-DNA of binary vectors.

13.2.2.3 Plastid Transformation

By contrast with nuclear genes, plastid genes are organized as operons co-expressed
as a single transcriptional unit. This gene organization can coordinate the expres-
sion of several genes in an operon. Thus, plastid transformation is particularly suit-
able for the study of metabolic pathways that are synergistically regulated by
multiple genes. Bohmert-Tatarev et al. (2011) designed a plastid transformation
system of tobacco (Nicotiana tabacum) for the production of renewable and biode-
gradable plastic polyhydroxybutyrate (PHB). Three genes in the PHB pathway were
assembled in the psbA operon expression cassette to be transformed into the tobacco
plastid genome. The BPH contents in T, and T, plants reached up to 18.8 and 17.3 %
(dry weight) in leaf tissue samples, respectively. Homogentisate phytyltransferase,
tocopherol cyclase, and y-tocopherol methyltransferase are three key enzymes of
tocochromanol pathway that provides tocopherols and tocotrienols, which are col-
lectively referred as vitamin E. The genes that encode these three proteins were
assembled in an operon construct to be transformed into the tomato chloroplast
genome. The content of tocochromanol in transgenic plants is 10 times higher than
that of the wild control (Lu et al. 2013).
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Plastid transformation technology has been proved efficient in model plants,
such as tobacco (Svab and Maliga 1993), tomato (Ruf et al. 2001) and potato
(Sidorov et al. 1999); Kumar et al. (2004) also reported the high-efficient plastid
transformation of cotton. However, plastid transformation is still not well developed
in major crops like rice, maize, wheat and rape. Major challenges for the application
of plastid transformation in crops include lower transformation efficiency, the dif-
ficulties to generate homoplastomic plants and to express transgenes in non-green
plastids. In rice, two transformants were obtained on 100-120 bombarded plates,
and no transplastomic plant of homoplasmy was obtained (Lee et al. 2006); The
chloroplast transformants of oilseed rape were yielded at a frequency of 4 in 1000
bombarded cotyledon petioles (Hou et al. 2003). The transformation efficiency of
wheat was estimated as 2 transplastomic plants per 42 bombarded plates of scutella
and 1 transgenic line per 15 bombarded plates of immature inflorescences (Cui et al.
2011). However, up to 14 transplastomic lines of tobacco were obtained per bom-
barded leaf (Daniell et al. 2001). The vector inefficiency is one of the major obsta-
cles of plastid transformation technology. The DNA fragments in vectors are
transferred into the plastid genome through homologous recombination of the tar-
geting sequence in vectors with the homologous sequence in plastids. So, the speci-
ficity of targeting sequence in vectors may be the important element influencing the
transformation efficiency (Skarjinskaia et al. 2003). In addition, the explant, bom-
bardment parameter and marker gene are also important for transformation effi-
ciency and homoplasmy. The efforts for improving the plastid transformation of
major crops should be concentrated on these respects.

13.2.2.4 Polyprotein Expression System

The polyprotein expression system based on linker peptide is another method of
coordinating multi-gene expression. In this system, multiple genes linked by the
linker peptide sequences are regulated by a promoter as a single open reading frame.
After translation, the polyprotein is cleaved into its constituent protein units through
the self-splicing function of linker peptide. The linker peptide 2A is a short peptide
of 20 amino acids from foot-and-mouth disease virus, and mediates co-translational
cleavage at its own carboxy terminus by an apparently enzyme-independent type of
reaction. The efficiency of peptide 2A polyprotein expression system has been
proven in human, mammalian, fungus and yeast (de Felipe et al. 2003; Fang et al.
2005; Kim et al. 2011; Ryan and Drew 1994; Suzuki et al. 2000), and also has been
tested in plants. Ma and Mitra (2002) incorporated CAT and GUS gene into a single
open reading frame with a copy of the FMDV 2A protein gene, and transformed
tobacco; the freed CAT and GUS proteins were detected in transgenic plants with
the cleavage efficiency ranging from 80-100 %. el Amrani et al. (2004) demon-
strated that each protein from a 2A-polyprotein in plant cells only has its own inde-
pendent targeting signals, and can correctly target various subcellular locations via
either co-translational or posttranslational mechanisms. LP4 is another linker pep-
tide, which comes from Raphanus sativus seeds, and has a recognition site and is
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cleaved by a protease. The advantage of LP4 as a polyprotein linker exists in that
the polyprotein is completely cleaved with few redundant amino acids left at two
terminals of proteins. LP4/2A is a hybrid peptide that contains the first 9 amino
acids of LP4 and 20 amino acids from 2A, and can efficiently produce the individual
proteins that can accurately target to the respective cellular compartments in
Arabidopsis (Frangois et al. 2002, 2004). Sun et al. (2012) demonstrated that the
expression level of the two genes linked by LP4/2A was higher than those linked by
2A in tobacco. Several polyprotein transformations in major crops were reported in
recent years. Two antimicrobial protein encoding genes, Dm-AMP1 and Rs-AFP2,
linked by LP4 peptide sequence, were introduced into rice, and the proteins
Dm-AMP1 and Rs-AFP2 were detected in the leaf extracts of transgenic plants; the
disease resistance against Magnaporthe oryzae and Rhizoctonia solani of trans-
genic plants were improved by 90 and 79 %, respectively, as compared to the
untransformed plants (Jha and Chattoo 2009). Ha et al. (2010) successfully obtained
the transgenic rice accumulating 1.3 pg/g total carotenoids in seed endosperms
through the transformation of two carotenoid biosynthetic genes, Psy and Crtl,
linked by 2A peptide.

13.2.2.5 Combinatorial Genetic Transformation

Metabolic pathways usually involve multiple genes. Therefore, the function of
every gene and gene combination in the entire metabolic pathway should be thor-
oughly understood. This knowledge is beneficial in searching for the limiting gene
and gene combination when modifying metabolic pathways by metabolic engineer-
ing technology. White maize variety M37W lacks carotenoids in the endosperm
because of the absence of phytoene synthase (PSY1). To accumulate carotenoids in
maize, the carotenoid-synthesis pathways should be reconstructed in the maize
endosperm. Five genes for carotenoid synthesis, namely, Zmpsyl (Zea mays phy-
toene synthase 1), Pacrtl (Pantoea ananatis phytoene desaturase), Gllycb (Gentiana
lutea lycopene y-cyclase), Glbch (Gentiana lutea y-carotene hydroxylase), and
ParacrtW (Paracoccus y-carotene ketolase), were assembled to five vectors, respec-
tively, and co-transformed into maize variety M37W using bombardment technol-
ogy. A series of transgenic lines containing one to five genes were obtained. The
analysis of carotenoid content in the seeds of these transgenic lines indicated that all
transgenic lines containing Zmpsyl gene (except the transgenic line Ph-2 without
Zmpsyl gene) could synthesize carotenoid, but varying in the carotenoid content.
The line Ph-3, which contains Zmpsyl and Pacrtl, had the highest carotenoid and
[-carotene content, suggesting that the combination of Zmpsyl and Pacrtl are the
most effective for the modification of the carotenoid synthesis pathway in maize
(Zhu et al. 2008). This transformation method is known as the combinatorial genetic
transformation designed to generate the population of transgenic plants containing
random transgene combinations through one transformation experiment; and is
appropriate for systematic analysis of metabolic pathway and other genetic net-
works that require the coordinated expression of multiple genes (Farre et al. 2012).
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13.2.2.6 New Development of MAS Technology

The successful use of MAS technology depends on three factors: functionally clari-
fied genes, tightly linked molecular markers and cost-effective identification tech-
nology of molecular markers. Single nucleotide polymorphism (SNP) markers are
rapidly becoming the choice for genetic and breeding applications because of abun-
dant polymorphism and automated detecting. However, the high cost and low effi-
ciency of SNP discovery and detecting had been the main hurdles, especially for
species with no reference sequence, until the next-generation sequencing (NGS)
technology emerged. These NGS methods include reduced-representation sequenc-
ing using reduced-representation libraries (RRLs) or complexity reduction of poly-
morphic sequences (CRoPS), restriction-site-associated DNA sequencing
(RAD-seq) and low coverage genotyping (Davey et al. 2011). In recent years, a
large number of SNP markers have been developed in many crops using NGS tech-
nology, moreover some crops were resequenced (Davey et al. 2011; Seeb et al.
2011; Xu et al. 2012b). SNP markers have been widely used in genetic mapping,
association analysis, genotyping, MAS-based breeding, and so on (Chen et al. 2011;
Ferguson et al. 2012; Tiwari et al. 2014; Yang et al. 2012). Many intragenic SNPs
are the source of genotypic mutation, and reflect the allelic variations. These SNP
markers are designated as genic molecular markers (GMMs) or functional markers,
and greatly facilitate the pyramiding of alleles as compared with SSR markers. In
the base sequence of rice grain size gene GS3, the C to A mutation in the second
exon is associated with enhanced grain length. A cleaved amplified polymorphic
sequence (CAPS) based on C-A polymorphism was developed to identify the GS3
alleles controlling various grain sizes in rice (Fan et al. 2009).

13.3 A Case of Pyramiding of Five Genes for Multiple
Resistances in Rice

Rice production is affected by various environmental stresses, including diseases
(rice blast), insects (rice leaf folder, stem borer and brown plant hopper) and weeds.
So, the objective is to pyramid resistance genes against disease, insect and herbicide
into a single variety, developing a variety carrying multiple resistances.

The rice restorer line RO22 is an elite rice restorer line that contains brown planthop-
per resistance genes Bphl4 and Bphl5. A backcrossing breeding scheme was designed
to improve the resistance of R022 against rice blast, leaf folder, stem borer and herbi-
cide. In this scheme, R022 was used as the recurrent parent. The transgenic rice T1C-19
was used as the donor of crylC (encoding Bacillus thuringiensis toxin protein) and
glufosinate resistance gene bar (encoding phosphinthricin acetyltransferase). T1C-19
was developed through the transformation of a construct containing cry/C and bar in
the binary vector plasmid pC-1C* (Tang et al. 2006). The rice restorer line R2047 was
used as the donor of rice blast resistance gene Pi9. Five genes, crylC, bar, Pi9, Bphl4
and Bphl5 were stepwise pyramided into R022 through MAS-based crossing.
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The F, generation was obtained by crossing between female parent R022 and male
parent T1C-19, followed by three consecutive backcrosses using R022 as recurrent
parent and three selfings to obtain BC;F, lines. In each generation of backcrossing, the
herbicide glufosinate was used for the identification of bar gene, the co-dominant
molecular markers were used for the identification of genes, crylC, Pi9, Bphi4 and
Bphl5. Finally, the line W425 in BC;F, was identified according to their agronomic
traits and genetic backgrounds, and was named KR022. KR022 was confirmed to
contain four homozygous genes, crylC, bar, Bphl4 and Bphl5 through glufosinate
identification and PCR assay, and showed the strong resistance against rice leaf folder
and stem borer, brown planthopper and glufosinate. No damage caused by leaf folder,
stem borer and glufosinate was observed in KR022 and its hybrid rice in two years of
field study, while the control R022 suffered serious damage by leaf folder and stem
borer, and thoroughly withered in the glufosinate treatment. KR022 inherits the brown
planthopper resistance from R022 (Wan et al. 2014).

Similarly, rice blast resistance genes Pi9 from R2047 was pyramided into the
R022 background through backcrossing. In the BC;F, the plants containing homo-
zygous Bphl4 and Bphl5, heterozygous Pi9 were identified to pollinate KR022
plants to produce F,, and then the F, plants were backcrossed by KR022 and fol-
lowed by three successive selfings. Finally, the line carrying five genes, Pi9, crylC,
bar, Bphl4 and Bphl5, was selected in BCs;F;. The improved line showed the
enhanced blast resistance (resistance score of 3) as compared with KR022 (resis-
tance score of 9).

13.4 Application of Transgenic Pyramiding Breeding

13.4.1 Commercialized Transgenic Pyramiding Breeding

In recent years, stacked traits have rapidly increased in global GM crops. A record
of 43.7 million ha of stacked traits was grown globally in 2012, which is equivalent
to 26 % of the global 170 million ha of GM crops in 2012 and 7.5 times higher than
the 5.8 million ha of stacked traits in 2003. Stacked traits mainly exist in GM maize
and cotton. In 2012, 40 million ha of GM maize were stacked, contributing 91.5 %
to 43.7 million ha of stacked traits, and stacked GM cottons were 3.7 million ha
(Table 13.1). Table 13.2 lists some of the worlds commercialized GM maize and
cotton with stacked traits.

At present, the stacked traits of GM crops are mainly insect resistance and herbi-
cide resistance. Insect resistance primarily comes from the Bacillus thuringiensis
genes encoding toxic proteins, such as crylAb, crylAc, cry2Ae, vip3A (a), crylF,
cry3A, mcry3A, cry34Abl and cry35Abl. Herbicide resistance comes from the
glyphosate-resistance gene (epsps) encoding 5-enolpyruvylshikimate-3-phosphate
synthase, the glufosinate-resistance genes (pat and bar) encoding phosphinothricin
N-acetyltransferase.
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Several stacked GM varieties have been introduced. Agrisure® Viptera™ 3111
maize, bred by Syngenta, possessed genes, crylAb, vip3Aa20, mcry3A, pat and
epsps. crylAb and vip3Aa20 offer the resistance to Lepidoptera insect aboveground,
mcry3A offers the resistance to Coleoptera insect, particularly corn rootworm pest
underground. The pyramiding of crylAb, vip3Aa20 and mcry3A broadens the resis-
tance spectrum of Agrisure® Viptera™ 3111. According to the data published by
Syngenta (http://www.syngenta.com/), Agrisure® Viptera™ 3111 can resist 14
kinds of aboveground and underground insects.

Two modes of resistance to herbicides are offered by pat and epsps gene, and
the pyramiding of these two genes provides a more flexible herbicide use of
glufosinate and glyphosate. Agrisure® Viptera™ 3111 has gained the approvals
for food in eight countries or districts, for feed in five countries, and for cultiva-
tion in two countries. Genuity® VT Triple Pro™ maize containing epsps,
crylA.105, cry2Bb2 and cry3Bb1, developed by Monsanto, is endowed with resis-
tances to glyphosate herbicide and Lepidoptera and Coleoptera insect. Genuity®
VT Triple Pro™ has been approved for food use in ten countries or districts, for
feed use in eight countries or districts, and for cultivation in five countries.
Genuity® SmartStax™ maize was developed by Monsanto and Tow AgroSciences
and possesses eight effect genes, including cryl/A105, cry2Abl, cry3Bbl, cryl Fa2,
cry34Abl, cry35Abl, epsps and pat. These genes confer Genuity® SmartStax™
the resistances against Lepidoptera and Coleoptera insects and the herbicide
glyphosate and glufosinate. Genuity® SmartStax™ has been approved for food or
feed cultivation in eight countries or districts. Widestrike™ Roundup Ready
Flex™ Cotton, jointly developed by Monsanto and Dow AgroSciences, possesses
four effect genes, including epsps, crylF, crylAc and bar, which endow
Widestrike™ Roundup Ready Flex™ with the resistances against Lepidoptera
insect and the herbicide glyphosate and glufosinate. Widestrike™ Roundup
Ready Flex™ has obtained approvals for food or feed cultivation in four
countries.

Table 13.1 Global area of Year Area (million ha) GM crops (%)

stacked GM crops 20032012 2003 58 3.0

(miltion ha) 2004 6.8 9.0
2005 10.1 11.0
2006 13.1 13.0
2007 21.8 17.4
2008 26.9 21.5
2009 28.7 21.4
2010 322 22.0
2011 42.2 26.0
2012 437 26.0

Data source: ISAAA briefs
http://www.isaaa.org/resources/publications/briefs/


http://www.syngenta.com/
http://www.isaaa.org/resources/publications/briefs/
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13.4.2 Application of Transgenic Pyramiding Breeding
in Metabolic Engineering

Although plant metabolic engineering is still at an early stage and has not been
widely applied in commercialized GM crops, more successful cases of plant meta-
bolic engineering research are reported. Table 13.3 lists a few engineered plants
from the transgenic pyramiding breeding in recent years, in which some have poten-
tial for commercial application.

13.4.2.1 Polyunsaturated Fatty Acid Synthesis

Very long chain polyunsaturated fatty acids (VLCPUFAS) are nutritional substances
with important function in human health (SanGiovanni and Chew 2005).
Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are two of the most
important VLCPUFAs for the human body. These two fatty acids occur primarily in
ocean algae, and accumulate in the fat of deep-sea fishes. The commercial VLCPUFA
are mainly refined from deep-sea fishes, but the deep-sea fish supply has been lim-
ited for overfishing, and thus cannot satisfy the market demand. Oilseeds are easily
obtained with high yields and generally contain unsaturated fatty acids, such as
oleic acid (OA), linoleic acid (LA), and o-linolenic acid (ALA). Oilseeds can be
used as substrates for VLCPUFAs synthesis, but lack the capacity of elongation/
unsaturation. Thus, to synthesize VLCPUFAs, biologists have tried to reconstruct
its synthesis pathway in oilseeds through metabolic engineering.

In 2004, VLCPUFA synthesis pathway was reconstructed in Arabidopsis thaliana
through the transformation of genes encoding a A°-elongase from Isochrysis gal-
bana, a A8- desaturase from Euglena gracilis, and a A3- desaturase from Mortierella
alpinato. EPA successfully accumulated for the first time in the engineering of
Arabidopsis thaliana (Qi et al. 2004). Subsequently, Abbadi et al. (2004) transformed
tobacco and linseed with genes encoding a AS-fatty acid desaturase from
Physcomitrella patens, a A5-fatty acid desaturase from Phaeodactylum tricornutum,
and a A6- prolonged desaturase from Physcomitrella patens, and detected approxi-
mately 0.5 % EPA in the transgenic seed oils. DHA was synthesized for the first time
in seed oils in 2005. Arabidopsis thaliana was transformed with a A6/AS5 desaturase
from zebrafish. A transgenic plant accumulating 1.6 % AA and 3.2 % EPA was
selected to be retransformed with genes encoding a A4-desaturase and a AS5- desatu-
rase from Paviova salina, and 0.2-0.5 % DHA was detected in transgenic seed oils
(Robert et al. 2005). These studies demonstrated the feasibility of DHA and EPA
synthesis in engineering plants, but their yields should be improved. Wu et al. (2005)
reported the transgenic production of significant amounts of EPA and AA in Brassica
Jjuncea by stepwise metabolic engineering strategy. Through a series of transforma-
tions with increasing the number of transgenes encoding desaturase and prolonged
desaturase from different organisms, the transgenic plants were demonstrated to pro-
duce VLCPUFAs with up to 25 % AA and 15 % EPA of total seed fatty acids.
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Moreover, DHA synthesis pathway was reconstituted in plant seeds through adding
genes in A4 pathway and successfully synthesized DHA despite of 0.2 % of total
fatty acids only. To overcome the poor DHA synthesis, Petrie et al. (2012) designed
a transgenic synthesis pathway from OA to DHA, which involved seven genes
encoding desaturases and prolonged enzymes, including the A!’>-desaturase from
Lachancea kluyveri, the A-/w*-desaturase from Pichia pastoris, the AS-desaturase
from Micromonas pusilla, the A’-elongases from Pyramimonas cordata, and the A>-
and A*-desaturases from Paviova salina. These seven genes were transformed into
Arabidopsis thaliana, and DHA averaged 13.3 % in seed oils of transgenic plants.
This content level, even exceeds the DHA content in common commercial fish oil,
and thus satisfies the demand for the commercialized VLCPUFA product.

13.4.2.2 Carotene Synthesis

Vitamin A is an indispensable nutrient, and has an important physiological function
in maintaining the normal growth and development of the human body. Vitamin A
deficiency can induce many diseases, such as nyctalopia, and still remains a prob-
lem in the poor developing countries (WHO 2009). Vitamin A can be obtained from
animal foods as retinol, and obtained from plant and animal foods as carotene that
can be transformed into pro-vitamin A.

Rice is the primary world grain crop. However, rice cannot supply vitamin A to
the human body because of the lack of synthesis of pro-vitamin A in the edible parts
of rice. Thus, biologists attempted to reconstruct the carotene synthesis pathway in
rice by overexpressing key genes in the carotene synthesis pathway in rice endo-
sperms. Ye et al. (2000) used three genes encoding the key enzymes in p-carotene
synthesis, namely phytoene desaturase (crtl) from Erwinia uredovora, phytoene syn-
thase (psy) from daffodil, and lycopene p-cyclase (Icy) from Narcissus pseudonarcis-
sus. These genes were introduced into rice under the control of an endosperm-specific
glutenin promoter Gtl by double-vector co-transformation. The transgenic rice has
yellow endosperms for the accumulation of p-carotene, and is called Golden Rice.
However, the f-carotene content is only 1.6 pg/g in this Golden Rice. To increase the
[-carotenoid content in transgenic rice endosperms, genes encoding phytoene syn-
thases, the limiting step for B-carotene accumulation, were tested from different spe-
cies. A maize phytoene synthase encoding gene (psy) that substantially increases
carotenoid accumulation in a model plant system was identified to transform rice
combined with the Erwinia uredovora carotene desaturase encoding gene (crtl) to
develop Golden Rice 2. As a result, the total carotenoids in the endosperm of Golden
Rice 2 increased up to 23-fold (maximum 37 pg/g) compared with the original
Golden Rice, and f-carotene has a preferential accumulation (Paine et al. 2005).
According to the American RDA, 100 g of Golden rice 2 consumed per day can
satisfy 55-70 % of the vitamin requirements of an adult male (Tang et al. 2009).

The metabolic engineering of carotenoids has also been successful in potato and
maize. A mini-pathway of p-carotene synthesis was reconstructed in potato through
expressing three genes encoding phytoene synthase (CrtB), phytoene desaturase
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(Crtl), and lycopene beta-cyclase (CrtY) from Erwinia under the control of tuber-
specific promoter. Carotenoid largely accumulated in the transgenic potato tuber.
The carotenoid content in the tuber increased 20-fold, and reached 114 pg/g dry
weight, and the p-carotene content increased 3600-fold and reached 47 pg/g dry
weight (Diretto et al. 2007). The overexpression of crtB and crtl from Erwinia
under the control of the super y-zein promoter in maize also resulted in an increase
of total carotenoids of up to 34-fold with a preferential accumulation of B-carotene
in the transgenic plants (Aluru et al. 2008). Nagvi et al. (2009) developed an elite
transgenic corn containing four transgenes for the metabolism of f-carotene, ascor-
bate and folate, including two genes in the pathways of the f-carotene synthesis
(psyl from maize controlled by the wheat LMW glutenin promoter and cr#/ from
Pantoea ananatis under the control of barley D-hordein promoter), one gene
involved in the synthesis of ascorbate (dhar encoding rice dehydroascorbate reduc-
tase under the control of barley D-hordein promoter), and one gene involved in the
metabolism of folate (folE encoding Escherichia coli. GTP cyclohydrolase under
the control of barley D-hordein promoter). The contents of f-carotene, ascorbate,
and folate in the seeds of transgenic maize increased up to 169-fold (59.32 pg/g
DW), 6-fold (106.94 pg/g DW) and 2-fold (1.94 pg/g DW) compared with the wild
control, respectively.

13.4.2.3 Starch Synthesis

Starch composes the main edible part of food crops, and is the main human energy
source. Starch in plants exists in two forms: amylose and amylopectin, those con-
tents and proportion involve both crop yield and palatability. Starch synthesis is a
complex pathway controlled by many genes encoding ADP-glucose pyrophospho-
rylase (AGP), granule-bound starch synthase (GBSS), soluble starch synthase (SS),
starch branching enzyme (SBE), starch debranching enzyme (DBE), etc. The
expression of two starch branching enzymes, SBE Ila and SBE IIb were suppressed
in barley through RNAi-mediated silencing technology. The transgenic lines, where
both SBE Ila and SBE IIb expression were reduced by >80 %, was observed with a
high amylose phenotype (>70 %) (Regina et al. 2010). All genes encoding starch
branching enzymes (SBE I, SBE IIa, SBE IIb) were further simultaneously sup-
pressed in barley, resulting in the production of amylose-only starch granules in the
endosperm of transgenic lines. In these lines, a very high content of resistance starch
(RS) (65 %) was observed, which is 2.2-fold higher than control (29 %) (Carciofi
et al. 2012). In maize, the expression of six genes involving starch synthesis was
modified, these genes include the overexpressed Bt2, Sh2, Shi and Gbsslla (to
enhance the activity of sucrose synthase, AGPase and granule-bound starch syn-
thase) and the suppressed Sbel and Sbellb. The transgenic plants expressing all six
genes showed a 2.8-7.7 % increase in the endosperm starch content and a 37.8—
43.7 % increase in the proportion of amylose. Moreover, the 100-grain weight and
ear weight of transgenic plants had up to 20.1-34.7 % and 13.9-19.0 % increases,
respectively (Jiang et al. 2013).
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13.4.3 Gene Pyramiding for Resistances against Disease,
Drought and Salt

Disease resistance improvement of crops may be the most successfully used field of
gene pyramiding. A number of works have been done on this aspect. Since the 1990s,
the International Rice Research Institute (IRRI) has developed a series of rice near-
isogenic lines (NILs) (named IRBB) carrying stacked various rice bacterial blight
(BB) resistance genes (Huang et al. 1997). These NILs have been widely used in rice
breeding programs. Recently, IRBB60 (Xa4/xa5/xal3/Xa21) was used as the donor
of BB resistance genes to improve the BB resistance of an elite rice cultivar in India
(Dokku et al. 2013). Jin 23B is a cytoplasmic male sterile (CMS) rice maintainer
line. Its sterile line, Jin 23A, has been widely used in hybrid rice production in China.
However, Jin 23B is highly susceptible to rice blast. In a backcross breeding scheme,
three blast resistance genes, Pil, Pi2, and DI2, were introgressed into Jin 23B
through MAS, and the improved line Jin 23B (Pil/Pi2/D12) was obtained from
BC,F; families. The blast resistance of Jin 23B (Pil/Pi2/D12) and its hybrid rice,
Jinyou 402 (Pil/Pi2/D12), significantly increased compared with their counterparts,
Jin 23B and its hybrid rice, Jinyou 402. The resistance scores of leaf blast at tillering
stage for Jin 23B (Pil/Pi2/D12) and Jinyou 402 (Pil/Pi2/D12) were 0.33 and 0.72,
respectively, which are significantly lower than the scores for Jin 23B and Jinyou 402
(4.01 and 4.02, respectively). Moreover, the hybrid rice from Jin 23B (Pil/Pi2/D12)
under the disease condition had the same yield as under the normal condition (Jiang
et al. 2012). In wheat, eight QTLs/genes were pyramided into a popular elite wheat
cultivar PBW343 through MAS, endowing the improved PBW343 four grain quality
traits and the resistance against three rusts (Tyagi et al. 2014).

Abiotic stress, including drought and salinity, has become more serious for crops in
recent years. Stress resistance has been repeatedly achieved in crops through the trans-
formation of a single gene. For example, Monsanto had developed a drought-resistance
GM maize variety carrying a cold shock protein B gene cspB, Genuity® DroughtGard™
(GM Approval Database of ISAAA). However, the gene pyramiding is still necessary
for further enhancement of resistance to abiotic stress. The transgenic maize carrying
stacked betA (encoding choline dehydrogenase from Escherichia coli) and TsVP
(encoding V-H*-PPase from Thellungiella halophila) had been produced by cross-pol-
lination. It contained higher relative water content (RWC), greater solute accumulation
and lower cell damage under drought stress treatment, and grew more vigorously with
less growth retardation, shorter anthesis-silking intervals and higher yields than their
parental lines, which had either betA or TsVP, and the wild-type (Wei et al. 2011).
Nguyen et al. (2013) developed the transgenic maize carrying the stacked mz[D (bacte-
rial mannitol-1-phosphate dehydrogenase encoding gene) and HVAI (Hordeum vul-
gare) through co-transformation of two vectors. The transgenic plants (mt/D+HVAI)
showed higher leaf RWC and greater plant survival as compared with the transgenic
plants of a single transgene and with their control plants under drought stress, and also
showed higher fresh and dry shoot matter and dry root matter as compared with the
transgenic plants of a single transgene and with their control plants under salt stress.
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13.5 Conclusions and Prospects

With the coming of the post-genome era, crop breeding has gradually developed from
conventional breeding based on phenotype selection to molecular design breeding
based on gene selection. As a directed improvement technology, transgenic pyramid-
ing breeding will provide a powerful technological support for crop molecular design
breeding. However, transgenic pyramiding breeding also comes up against many
technology challenges for meeting the molecular design breeding requirements. In
contrast to conventional breeding, transgenic crops should not only be evaluated in
agronomic characters such as yield and resistance, but also in their biosafety. Biosafety
assessment is a time-consuming and laborious process, and also increases the product
cost and prolongs the breeding process. More genes involved in transgenic pyramid-
ing will result in a more complex biosafety assessment. Therefore, to simplify the
process of biosafety assessment regarding breeding strategy and technology within
the allowable range of biosafety management is important.

Current transgenic crops involve few effect genes only, and all these genes con-
stitutively overexpress in transgenic crops. However, with the development of trans-
genic pyramiding breeding, the number of transgenes will increase, and their
expression patterns, including expression level, tissue-specificity, developmental
stage-specificity, etc., will become more complicated. Therefore, it is necessary to
ensure every transgene truly expressing according to the breeding objective.
Although the current multiple-gene transformation technology can pyramid eight to
ten genes or transformed the fragments of 20 kb or more in length, the technology
should be further developed to become a conventional breeding technology.

Crop variety is a special commodity, which has commodity properties, such as
market demand and cost. Moreover, biological product properties, such as ecological
adaptability, stress resistance, yield traits, quality traits, and biosafety, can also be
found in the variety. As the second-generation transgenic crops, the commercializa-
tion of transgenic crops with stacked pest and herbicide resistance has started, and
will be in a fast developing period. A few metabolic engineering crops of carotenoids
and VLCPUFAs have achieved the requirement for commercialization. Moreover,
by elucidating the metabolic pathways in plants, more metabolic engineering tech-
nologies will mature. In recent years, with the rapid development of plant genomics
research, a number of genes controlling important agronomy characters have been
identified and cloned, and their functions have been illuminated. These achievements
can provide the new directions for the transgenic pyramiding breeding of crops.
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