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Gene stacking in transgenic plants 
• Despite the advantages of stacking or pyramiding GM traits offering durable 

multiple pest/pathogen resistance or multiple metabolic engineering to 
improve food quality and quantity, major hurdles  exist impeding the advance 
of GM  

• Expression or manipulation of multiple genes in plants is still difficult to achieve 
as some traits require 4-6 genes to manipulate several interconnected 
pathways  

• Very few GM crops with 3 or more stacked genes have yet gained regulatory 
approval e.g. multiple virus resistance in squash 

• Various strategies for multigene transfer: 
o Sequential  introduction into plant by conventional iterative procedures: cross 

transgenics with each other (problem with vegetative prop) e.g. loss-of-function 
transgenes (co-suppression or AS genes) have been combined by crossing;  

o re-transformation of transgenics 
 
Limitations of iterative procedures: transgenes not linked & can segregate; 
obtaining homozygous plants for all transgenes difficult;  increased breeding costs; 
variety of selectable markers needed in the re-transformation strategy; marker 
removal slow, multistep process  



Gene stacking in transgenic plants 

o Co-transformation with multiple genes: 
 Multiple genes in different T-DNAs in a single Agrobacterium 

strain or separately in different strains are co-inoculated;  
 major advantage co-introduced genes tend to co-integrate; 

disadvantage transgenes introduced by biolistic transformation: 
high copy number 

o Polycistronic transgenes incorporated with IRES are 
expressed from a single promoter as a single 
transcriptional unit (strategy if you want to express 
protein) 

o Single chimeric transgenes containing fused or tandem 
partial sequences targeting different homologous plant 
genes under a single promoter (may get fusion protein?) 
 



Gene stacking in transgenic plants 
o Linked effect genes: 
 Multiple genes each with own promoter & terminator positioned 

contiguously on  a single T-DNA that transfers as a single entry 
into a plant 

 Problem is the size of the DNA & engineering of unique RE sites to 
aid construction; when > 4 genes need to be introduced can 
combine this strategy with co-transformation of the different T-
DNAs e.g. golden rice co-transformation of two T-DNAs each 
containing 2 linked genes 

 Co-ordinating expression levels of different effect genes difficult 
especially at different loci; or positional effects  (flanking host 
sequences) 

 Re- or co-transformation of multiple transgenes with the same 
promoter can lead to transgene homology-based silencing; could 
use synthetic bidirectional promoters? 

 



Approaches to GM for geminivirus 
resistance in cassava 



Cassava, the crop 
• Grown mainly by smallholder farmers in 

SA and commercially in Swaziland and 
Mozambique 

• Tuberous roots, green leaves, edible; 
food security 

• Growing interest as a source of 
bioethanol production, beer, textiles, 
paper; food additives and animal feed 

• dTI and cassava as a commodity 
• TIA cassava germplasm trials 
• Problem is CMD which is endemic & 

caused by several distinct geminivirus 
species: 9 species & 

     hundreds of variants 
 
 
 
 

 
 

 



Approaches to genetic engineering 
Antisense RNA 
 
Hairpin RNAi (inverted 
repeats) to induce 
antiviral siRNAs  
 
Inverted repeats with 
mismatches in the sense 
strand 

 
Artificial miRNAs 
 
 



RNA silencing: siRNAs or artificial 
miRNAs 



Gene targets for silencing 
AC1- replication 
associated protein 
AC4 – suppressor of host 
PTGS/symptom 
determinant 
AC2/AC3 - replication 
enhancer/ transcription 
enhancer  
BC1- cell-to-cell 
movement protein 
More recently: combine AC1/4 
promoter in IR (TGS by 
methylation) with siRNA 
targeting AC1/4 ORF 
 
 



miRNA Biogenesis in plants         amiRNAs to target virus transcripts               

 Alterations of several 
nucleotides within miRNA 
21nt seq does not affect 
biogenesis and maturation 
of the pri- or pre-miRNA 

 These findings raise the 
possibility to modify miRNA 
seq and generate amiRNA to 
target specific transcripts 

 Advantages of amiRNAs are 
high target specificity; less 
biosafety risk; miRNA not 
direct target of virus-
encoded suppressors; 
temperature stability 
 

 
 



Template plasmid vector containing the Arabidopsis miRNA 
139a used for the construction of amiRNA precursor  

We used Arabidopsis pre-
miRNA 319a precursor to 

generate artificial 
(amiRNAs) complementary 

to cassava geminivirus 
transcripts 



miRNAs siRNAs 
RNA SILENCING 

Virus derived transgene 
silencing constructs  

• Antisense 
• Hairpins that produce 

siRNA 
• Hairpins that produce 

artificial antiviral miRNA 

Agrobacterium-mediated or particle bombardment 
transformation  of TMS60444 & T200 

Somatic Embryo 
(SE) 

Friable Embryogenic 
callus (FEC) 
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Stacked siRNA hairpins: targeting 
several geminivirus ORFs transcripts 

 
Recalcitrant transformation of cassava & time 

(8 -12 months):re-transformation not an option 
Since not expressing proteins have used a 
single chimeric transgene (AS and sense 

tandem IRs (with short spacers) separated by 
the PDK intron) expressed from a single 
promoter as a single transcriptional unit  
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Chimeric tandem transgene 
constructs targeting three virus 

(EACMV, SACMV and ACMV) rep/virus 
suppressor transcripts 

 
 



SACMV  IR/23 
nt of 5’ AC1  
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 pC1305.2 ACMV [Ogo] AC1/4 + EACMV-[UG] AC1/IR + 
SACMV IR/23 nt of 5’ AC1 (599 bp) 



Intron-containing long IR constructs not 
always stable: DNA in IR conformation 
can form 4-way helical junctions 
(cruciforms) 
 
Cruciforms are unstable & are key 
intermediates for homologous 
recombination 
 
Introduced bp mismatches (C - T) in the 
sense arm of SACMV Rep (AC1) & BC1 
IRs, by sodium bisulphite treatment, 
preventing cruciforms, thermodynamic 
stabilization of DNA secondary structure 
and resulting RNA hairpin 
 
SA patent; US patent; Europe patent 
pending. 

Stabilization of transgene 
secondary structure & expressed IR 

RNA   









Stacking hpRNAs and Cas9-sgRNAs 
 

ETHZ collaboration (Devang Mehta)  





Stacking hpRNAs and peptide 
aptamers 

 
ETHZ collaboration (Adrian Alder)  



Cassava research group  
Plant Biotechnology Lab, ETH Zürich  

Peptide Aptamers 

Stacking RNAi and peptide aptamers for 
cassava transformation 

• Aptamers 22 and 44 
• Aptamer 22 /44– dsAC1 RNAi 
 

Peptide aptamers 
are recombinant 

proteins 
resembling single 
chain antibodies 
that bind to and 

inactivate a 
protein of 

interest, in our 
case AC1 rep 



Approach to stacking two traits: 
geminivirus resistance and starch 

modification 
 

Collaborator: Prof. Jens Kossmann 



Starch in cassava tubers  
• Some work has been done on cassava starch properties and 

enhanced starch production 
• Length of glucan chains & proportion of amylopectin & amylose 

governs size, structure & function of starch 
• Knockout of the starch branching enzyme can affect the quality 

of the starch 
• Genetically modified cassava with low-amylose or amylose-free 

starch showing enhanced clarity and stability (waxy) has been 
tested in Indonesia 

• In light of this growing demand, research is focused on 
production of cultivars with greater starch yields per unit cultivar 

•   Transgenic cassava with enhanced tuberous root ADP-glucose 
pyrophosphorylase (AGPase) increasing sink strength for 
carbohydrate 



Biotechnological attempts to alter starch quality and quantity 
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Interfering with nucleotide synthesis and turnover  
leads to increases of the starch content in potatoes 
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• The conversion of G-1-P to ADP-
Glucose represents the first 
dedicated step in starch synthesis 
•Catalyzes a reversible trans-
phosphorylation reaction inter-
converting ADP to ATP and ADP 
•ADK activity has potential to affect 
the amount of ADP available for 
ATP synthesis and regulate electron 
transport via level of ATP 
•Found in various sub-cellular 
locations including- cytosol, 
mitochondria and plastids 
•Regierer et al. 2002 found that a 
deficiency in the plastidial isoform 
of ADK led to an increase in tuber 
size and amino acid content 
 
•Suggests that plastidial ADK has 
very strong negative control 
coefficient for starch synthesis 
 

Adenylate Kinase (ADK) 



UMP synthase 
• In potato tubers it has been shown that 

ADP-glucose and UDP-glucose play an 
important role in starch formation 

• The degradation of sucrose requires 
uridine nucleotides 

• Shown starch synthesis is increased where 
the overall uridine nucleotide pool is 
increased 

• Loef et al (1999, 2001) showed that 
increasing the levels of pyrimidine and 
purine nucleotides stimulated the 
conversion of sucrose to starch 

• Uridine monophoshate (UMP) biosynthesis 
is a highly conserved pathway in nearly all 
organism 

• Knockdown of UMPS leads to an increase 
in uridine pool for synthesis of UDP   
 

Uridine monophoshate (UMP) biosynthesis 
involves 6 enzymes including UMP synthase  
UMPS is made up of two sub-units: Orotate 
phosphoribosyltransferase amd orotidine-

5’monophospahte decarboxylase 



Strategy for increased starch production in cassava 

Create hairpin 
constructs for 

gene knockdown  

Transform 
cassava 

Plastidial ADK and UMP 
synthase gene 

homologs  for cassava 
(phytozome)  identified  

using  potato  

Design hairpin constructs containing UMP and 
ADK targets 

– Constructs consist of either hairpin flanked by 
either a constitutive 35S promoter or a B33 
(patatin-  root specific promoter) 

– Hairpins were constructed using pHellsgate 
system 

– The final vector for all constructs will be 
pCambia 1305.2 

 
 

Stack constructs 
with virus 

hpRNAi 
constructs  



Perspectives 

 Plant raw materials such as fibres, ol and strach could be 
improved through multigene trait transformation to allow 
more cost effective & environmentally friendly processing 
by industry 

 Entirely new industrial and therapeutic products could be 
produced in crops in a sustainable manner 

 In order to realize these opportunities we need to refine 
and develop new strategies in the “toolkit” for co-
ordinated multigene manipulation in plants for cleaner 
durable technologies that: 

• Will simplify the route to regulatory approval  
• And reassure the public about safety and stability of GM products 



Hang out with an impala! 
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