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Abstract
During the last decade, progress in genome engineering had a giant leap
with huge applications in basic and synthetic biology. The resulting
genome engineering revolution, now known as gene editing, was mostly
driven by the introduction of engineered endonucleases, specifically zinc
finger nucleases (ZFNs), clustered regularly interspaced short palindromic
repeats (CRISPR) RNA-guided nucleases (e.g., Cas9) and transcription
activator like effector nucleases (TALENs). In higher eukaryotic systems,
targeted mutagenesis is frequently achieved by non-homologous end
joining (NHEJ) based repair of DNA double-strand breaks (DSB) induced
site specifically by engineered nucleases resulting knockdown or
malfunction of the targeted genes. Genimiviruses have become a serious
threat to a number of crops in Pakistan. This study was initiated with the
major objective of demonstrating TALEN technology for suppression of
cotton leaf curl virus (CLCuV), a major menace to cotton crop in Pakistan.
DNA sequences of five most prevalent strains of cotton leaf curl virus
were aligned to identify consensus regions for TALEs/TALEN targeting.
TALEs/TALENs were constructed using golden gate cloning strategy.
Activity of TALEs/TALENs for virus suppression was successfully
demonstrated in Nicotiana benthamiana by challenging with infectious
clones of, specifically, cotton leaf curl kokhran virus (CLCuKV). DSBs in
the targeted region were determined by T7E1 assay. Virus accumulation
was assessed by qPCR and TALEN expression was analyzed by RT-PCR.
Inoculated plants showed varying degree of resistance to CLCuKV in three
ways; attenuated virus infection, delayed symptoms and lower virus
accumulation. Thesis results successfully demonstrate the potential of
TALEs/TALEN technology for CLCuV suppression which can be a
broader genome editing platform for suppression of other viruses.

6

CONTENTS
Sr. No

Chapters

Page

1

Introduction

1

2

Review of Literature

6

2.1

Cotton and Cotton Leaf Curl Disease

6

2.2

Begomoviruses and Their Replication

7

2.3

10

2.4.1

Conventional Approaches and Breeding for Developing Crops
Resistance to Begomoviruses
Transgenic Strategies for Developing Crops Resistant to
Begomoviruses
Pathogen derived resistance

2.4.2

Non-pathogen derived resistance

16

2.4.3

17

2.5.1

Novel approaches: Use of artificial DNA binding proteins and
engineered nucleases
Use of TALEs and TALEN Technology for Genetic Improvement of
Plants
History of TALEs

2.5.2

DNA binding specificity of TALEs

21

2.5.3

Designing TALEs and TALENs

23

2.5.3.1

TAL Effector Nucleotide Targeter 2.0

23

2.5.3.2

E-TALEN

24

2.5.3.3

Galaxy TAL Effectors

24

2.5.3.4

Mojo Hand

25

2.5.3.5

idTALE

25

2.5.3.6

SAPTA

25

2.5.3.7

CHOPCHOP

26

2.5.3.8

ZiFiT Targeter

26

2.5.3.9

EENs (Engineered EndoNucleases)

26

2.4

2.5

13
13

18
19

2.5.3.10 TALENdesigner

27

2.5.4

Assembly of TALEs and TALENs

27

2.5.4.1

Golden Gate Cloning

27

2.5.4.2

Golden Gate PCR-based assembly

28

2.5.4.3

REAL/REAL-Fast

28

2.5.4.4

FLASH assembly

28

2.5.4.5

Iterative capped assembly

28
7

2.5.4.6

Integrated Chip

29

2.5.4.7

Unit assembly

29

2.5.4.8
2.5.4.9

USER-based Ligation
(ULtiMATE)
LIC assembly

2.5.5

Successful reports

31

2.5.5.1

TALENs for targeted mutagenesis in plants

31

2.5.5.2
2.5.5.3

TALEs and TALENs for next
development
TALEs for activation and repression

2.5.5.4

Use of TAL technology for crop quality enhancement

38

2.5.5.5

TALEs and epigenome editing

40

2.5.5.6

TALEs with recombinases and TALENs for gene stacking

41

2.5.5.7

Delivery of TALEs and TALENs into plants

42

2.5.5.8

Comparison of TALE(N)s with other engineered nucleases

43

2.5.5.9

Future perspective

44

Material and Methods

47

3.1

Preparation of Chemically Competent E. coli Cells

47

3.2

Preparation of Chemically Competent Agrobacterium Cells

48

3.3

Bacterial Transformation

49

3.4

Plasmid Isolation

49

3.4.1

Miniprep

49

3.4.2

Maxiprep

51

3.5

Phenol-Chloroform Precipitation

53

3.6

Colony PCR

53

3.7

Agarose Gel Electrophoresis

54

3.8

Agarose Gel Extraction

55

3.9

Agrobacterium Transformation

56

3.10

Preparation of protoplast for PEG-mediated transformation

57

3.11

PEG-mediated transformation into protoplast

58

3.12

Retrieved Sequences of Cotton Leaf Curl Viruses

59

3.13

Alignment of Sequences of Selected Cotton Leaf Curl Virus

59

3.14

Selection of TALEs and TALEN targets

59

3.15

Construction of TALEs and TALEN constructs

59

3

Mediated

Assembly

of

TAL

Effector

29
30

8

generation

disease resistance

36
37

3.16
3.16.1

Construction of Left TALEN

61

Golden Gate Reaction #1

61

3.16.1.1 Assembly of ten mers

61

3.16.1.2 Plasmid safe nuclease treatment

61

3.16.1.3 Transformation

62

3.16.1.4 Colony PCR

64

3.16.1.5 Digestion of plasmid DNA

64

3.16.1.6 Gel Electrophoresis

64

3.16.1.7 Sequencing of positive clones and Blastx alignment

65

3.16.1.8 Preparation of glycerol stocks

65

3.16.2

Golden Gate Reaction #2

65

3.16.3

Golden Gate Reaction # 3

66

3.16.3.1 Transformation

66

3.16.3.2 Colony PCR

66

3.16.3.3 Gel electrophoresis

67

3.16.3.4 Digestion of plasmid DNA

67

3.17

Construction of Right TALEN

67

3.17.1

Golden Gate Reaction 1: Assembly of ten mers

67

3.17.2

Golden Gate Reaction#2

68

3.17.3

Golden Gate Reaction#3

68

3.18

Cloning in plant expression vector

68

3.19

Plant Growth Conditions

69

3.20

Agro-infiltration

70

3.21

Plant Genomic DNA Extraction using CTAB Method

70

3.22

Plant RNA Extraction using CTAB Method

73

3.23

First Strand cDNA Synthesis Protocol (NEB)

74

3.24

Universal SYBR Green Quantitative PCR Protocol

75

3.25

Determining Genome Targeting Efficiency using T7 Endonuclease I

76

3.25.1

PCR using Q5 High-Fidelity DNA Polymerase

77

3.25.2

T7 Endonuclease I digestion

77

3.26

Preparation of infectious clones of cotton leaf curl virus

78

3.27

Evaluation of infectious clones for infectivity in N. benthamiana

78

9

Results

80

Sequence Alignments of CLCuVs

80

Location of the targets in CLCuV genome

80

Designing of TALEs and TALENs Using TAL Effector Nucleotide
Targeter 2.0
Cloning of TALEN target 1 (1T)

81

4.3.1

Left TALEN Assembly

84

4.3.1.1

Golden Gate reaction #1

84

4.3.1.2

Confirmation of GG#1 clones by sequencing and Blastx analysis

84

4.3.1.3

Golden Gate reaction#2

84

4.3.1.4

Confirmation of GG#2 clones by sequencing and Blastx analysis

85

4.3.1.5

Golden Gate reaction#3

88

4.3.1.6

Confirmation of GG#3 clones by sequencing and Blastx analysis

89

4.3.1.7

Confirmation of Left TALEN in pZHY500

89

4.3.2

Assembly of Right TALEN

91

4.4

TALE1 cloning in pZHY500

91

Cloning of TALE1 in plant expression vector

91

Assembly of TALEN Pair into pZHY013

91

Confirmation by Restriction/digestion

95

Cloning of TALEN into Plant Expression Vector

95

4.6.1

Confirmation through sequencing

97

4.7

Mobilization into Agrobacterium

97

4.8

Evaluation of infectious clones for infectivity in N. benthamiana

102

4.9

Evaluation of TALE1 and TALEN (1T) for virus suppression

103

4.9.1

Virus Accumulation by qPCR

103

4.9.2

Delay in symptom development

103

4.9.3

T7E1 assay

103

4.10

108

4.10.1

Evaluation of TALEN (2T) and TALEN (3T) Constructs for Virus
Suppression
Virus accumulation by qPCR

4.10.2

Delay in symptom development

108

4.10.3

T7E1 assay

109

5

Discussion

116

Summary

120

4
4.1
4.1.1
4.2
4.3

4.4.1
4.5
4.5.1
4.6

10

84

108

Literature Cited

121

Appendices

153

11

List of Figure
Fig.
No.

Title

Page
No.

2.1a

Genome organization of begomoviruses.

7

2.1b

Genome organization of alphasatellites and betasatellites associated with

8

begomoviruses
2.2

Rolling circle replication mechanism involves dsDNA intermediate.

9

2.3

Role of Rep protein in replication initiation and gene regulation.

10

2.4

TALE structure and DNA recognition code.

22

2.5

Fusion of different effector domains with TALEs.

23

2.6

A TALEN pair with FokI dimers and TAL monomers at target DNA

34

sequence.
2.7

Targeted genome modifications after double strand break (DSB).

34

3.1

TALE and TALEN Golden Gate Cloning Strategy.

63

3.2

Cloning strategy of TALEN construction up to plant expression vector.

69

3.3

TALEN infiltration strategy for evaluation of virus suppression.

79

4.1

Location of TALEs and TALEN targets in CLCuV geome.

80

4.2

TALE-1 target site selection by TAL Effector Nucleotide Targeter 2.0.

82

4.3

TALEN target site (1T) selection by TAL Effector Nucleotide Targeter

82

2.0.
4.4

TALEN target site (2T) selection by TAL Effector Nucleotide Targeter

83

2.0.
4.5

TALEN target site (3T) selection by TAL Effector Nucleotide Targeter

83

2.0.
4.6

Screening of GG#1 with colony PCR

85

4.7

Confirmation of GG#1 digestion results of with AfIII and XbaI.

86

4.8

Blastx results of GG#1

86

4.9

Screening of GG#2 with colony PCR

87

4.10

Confirmation of GG#2 by digeestion with AfIII and XbaI.

87

4.11

Blastx results of GG#2.

88

4.12

Confirmation of TALE assembly in pZHY500

89

4.13

Confirmation of GG#3

90

4.14

Blastx alignment results of Left TALEN in pZHY500

90

12

4.15

Blastx alignment results of Right TALEN in pZHY501 sequenced with

92

forward primer.
4.16

Blastx alignment results of Right TALEN in pZHY501 sequenced with

92

reverse primer
4.17

Blastx alignment results of TALE1 in pZHY500 sequenced with forward

93

primer.
4.18

Blastx alignment results of TALE1 in pZHY500 sequenced with reverse

93

primer.
4.19

Map of TALEN in pZHY500

94

4.20

Map of TALE-gfp.

94

4.21

Map of pCAMBIA (TALE1).

95

4.22

Confirmation of Left TALEN ligation in pZHY013 destination vector.

96

4.23

Confirmation of TALEN pair ligation in pZHY013 destination vector

96

4.24

Map of TALEN pair in pZHY013

98

4.25

Confirmation of TALEN cloning into pGW(2x35S) through LR clonase

98

reaction
4.26

Confirmation of 5’ border of TALEN into pGW(2x35S)

99

4.27

Confirmation of 3’ border of TALEN into pGW(2x35S).

100

4.28

Colony PCR confirmation of cloning of TALEN constructs into

101

Agrobacterium.
4.29

Map of pGW(TALEN)

101

4.30

Infectivity assay of infectious clones in N. benthamiana plants.

102

4.31

PCR amplification of viral DNA and qPCR results confirming presence

102

and accumulation of CLCuKV in systemic leaves.
4.32

Expression of TALE-gfp in protoplast of N. benthamiana.

104

4.33

Amplification of FokI from cDNA of infiltrated leaves with TALEN. A.

104

FokI amplification, B. Control with amplification of PPR gene.
4.34

Suppression of virus infection by TALE1

105

4.35

Suppression of virus infection by TALEN (1T).

105

4.36

qPCR results of virus accumulation.

106

4.37

Delay in symptom development due to TALE1 and TALEN (1T).

106

4.38

Delay in symptom development

107

4.39

T7E1 assay.

107
13

4.40

Blastx alignment results of Left TALEN (2T) in pZHY500 sequenced

110

with forward primer.
4.41

Blastx alignment results of Left TALEN (2T) in pZHY500 sequenced

110

with reverse primer.
4.42

Blastx alignment results of Right TALEN (2T) in pZHY501 sequenced

111

with forward primer
4.43

Blastx alignment results of Right TALEN (2T) in pZHY501 sequenced

111

with reverse primer
4.44

Blastx alignment results of Left TALEN (3T) in pZHY500 sequenced

112

with forward primer.
4.45

Blastx alignment results of left TALEN (3T) in pZHY500 sequenced with

112

reverse primer.
4.46

Blastx alignment results of Right TALEN (3T) in pZHY501 sequenced

113

with forward primer.
4.47

Blastx alignment results of Right TALEN (3T) in pZHY501 sequenced

113

with reverse primer.
4.48

Results of co-infiltration of virus with TALEN (2T) and TALEN (3T).

114

4.49

Accumulation of virus in systemic leaves after co-infiltration with TALEN

114

(2T) and TALEN (3T).
4.50

The delay in symptoms due of TALEN (2T) and TALEN (3T).

115

4.51

Mutation detection through T7E1 assay.

115

14

List of Tables
Table
No.

Title

Page
No.

2.1

Commercial available Kits/Plasmids and services for TALEs and TALEN
construction.

31

2.2

Examples of genetic modifications using TALEN in plants.

32

2.3

Comparison of TALE(N)s with other engineered nucleases.

45

3.1

List of primers used for screening/sequencing of positive clones

60

4.1

Similarity of the consensus DNA sequences of CLCuVs.

80

15

List of Abbreviation
TALEs

Transcription Activator-Like Effectors

TALEN

Transcription Activator-Like Effector Nucleases

SOFA

State of Food and Agriculture

FAO

Food and Agriculture

GDP

Gross Domestic Product

CLCuD

Cotton leaf curl disease

AZP

Artificial Zinc Finger Protein

BSCTV

Beet Severe Curly Top Virus

Rep

Replication Protein

TYLCV

Tomato Yellow Leaf Curl Virus

KRAB

Kruppel Associated Box

TET1

Translocation Methylcytosine Deoxygenase 1

LSD

Lysine Specific Demethylase 1A

dTALENs

designer TALEN

ZFNs

Zinc Finger Nucleases

HDR

Homology Dependent Recombination

NHEJ

Non-Homologous End Joining

GMOs

Genetically Modified Organisms

CLCuV

Cotton Leaf Curl Virus

ORFs

Open Reading Frames

BGYMV

Bean Golden Yellow Mosaic Virus

CP

Coat Protein

REn

Replication Enhancer Protein

TrAP

Transcriptional Activator Protein

NSP

Nuclear Shuttle Protein

MP

Movement Protein

OW

Old World

IR

Intergenic Region

CLCuGeV

Cotton Leaf Curl Gezira Virus

16

CLCuAV

Cotton Leaf Curl Alabad Virus

CLCuMV

Cotton Leaf Curl Multan Virus

CLCuKV

Cotton Leaf Curl Kokhran Virus

CLCuRV

Cotton Leaf Curl Rajasthan Virus

PaLCuV

Papaya Leaf Curl Virus

ToLCBV

Tomato Leaf Curl Bangalore Virus

CLCuBaV

Cotton Leaf Curl Bangalore Virus

WTG

Whitefly-Transmitted Geminiviruses

IPM

Integrated Pest Management

CMD

Cassava Mosaic Disease

QTLs

Quantitative Trait Loci

RAPD

Randomly Amplified Polymorphic DNA

ToLCTWV

Tomato Leaf Curl Taiwan Virus

PDR

Pathogen Derived Resistance

NPDR

Non-Pathogen Derived Resistance

PTGS

Posttranscriptional Gene Silencing

RmVR

RNA-mediated Virus Resistance

VIGS

Virus Induced Gene Silencing

ToMoV

Tomato Mottle Virus

TMV

Tobacco Mosaic Virus

TYLCSV

Tomato Yellow Leaf Curl Sardinia Virus

TLCAV

Tomato Leaf Curl Australia Virus

TGMV

Tomato Golden Mosaic Virus

RIPs

Ribosome-Inactivating Proteins

RVDs

Repeat Variable Di-Residues

SAPTA

Scoring Algorithm for Predicting TALEN Activity

ZiFiT

Zinc Finger Targeter

CRISPR

Clustered Regularly Interspaced Short Palindromic Repeats

EENs

Engineered EndoNucleases

REAL

Restriction Enzyme and Ligation

17

FLASH

Fast Ligation-Based Automatable Solid-Phase High-Throughput

ULtiMATE

USER-based Ligation Mediated Assembly of TAL Effector

LIC

Ligation Independent Cloning

TALERs

TALE recombinases

DBDs

DNA Binding Domains

OD

Optical Density

MS

Murashige and Skoog

PCR

Polymerase Chain Reaction

CTAB

Cetyltrimethylammonium Bromide

NCBI

National Center for Biotechnology Information

Blastn

Basic Local Alignment Search Tool for DNA

Blastx

Basic Local Alignment Search Tool for Translated Nucleotide

qPCR

Quantitative PCR

T7E1

T7 Endonuclease I

18

Chapter 1

INTRODUCTION
Research and development in agriculture sector is very important because agriculture is a
source of livelihood, national revenue, food and fodder, raw material, employment
opportunities, foreign exchange earnings and economic development. Crop and livestock
farming is providing food and fodder to the world from centuries. Agriculture is the
fundamental basis for every rural community which provides solutions to socioeconomic
problems at village level. With the time, our planet has almost touched the figure of 800
billion people while growth in agricultural production is declining. According to the
report on “The State of Food and Agriculture 2015” (SOFA) of FAO, 795 million of
world’s population still face food insecurity and hunger. About one billion people who
live in life-threatening poverty are from developing countries (rural areas) and depend on
agriculture for their livelihood. The progress in agriculture sector is very important to
solve problems of food insecurity, malnutrition, unemployment, poverty and declining
economy.
Agriculture holds great significance for Pakistan. It is back bone and life-line of our
economy. It is the principal sector of the economy. Mainstream of the population is
dependent on that sector, directly or indirectly. It provides major raw materials to
domestic industry due to its wide-ranging inter-linkages with the economy. To secure
rapid economic growth of the country and to reduce rural poverty in Pakistan, there is
need to sustain high growth rate of agriculture (Naqvi et al., 1992, 1994; Mellor, 1988).
Even though, agricultural intensification, adoption of modern tools and bringing new land
under cultivation have substantially increased agricultural production, still this increase is
not sufficient to meet the demands for food, fuel and fibre. Agriculture contributes to the
gross domestic product (GDP) about 19.8 percent and it has been the biggest employer
captivating 42.3 percent labour force of the country. Though, its share in GDP has been
declined over years, yet, it fulfills the food and fiber necessities of the local population
and supports other segments of national economy, directly and indirectly, because of its
durable horizontal and vertical linkages with them. Our national economy largely depends
upon agriculture sector. An effectual, productive and lucrative agriculture sector can play
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a pivotal role for generating global economic growth, poverty mitigation and the
country’s revolution towards industrialization.
Pakistan’s agriculture and economy heavily depends on cotton crop. Cotton and its
products contribute more than 10 percent to GDP and more than 50 percent to foreign
exchange earnings. The share of cotton in GDP is about 1.0 percent and contributes to
value addition 5.1 percent in agriculture. During 2015-16, the production of cotton has
been declined tremendously and to sustain smooth and continuous supply of cotton to the
textile industry, the raw cotton import was amplified to 345.363 thousand tonnes during
July compared to last year’s 97.354 thousand tonnes in the same period presenting a
growth of 254.75 percent. The decrease in the production was due to the attack of insects,
whitefly and cotton leaf curl virus (CLCuV). The area under cotton crop cultivation was
1000 hectares which decreased 1.5 percent compared to last year’s area, 2961 thousand
hectares. The production of cotton for the year 2015 was 10.074 million bales less than
predicted 13.960 million bales of last year presenting a decline of 27.8 percent.
(Anonymous, 2016).
Cotton leaf curl disease (CLCuD) has been a devastating malady of cotton crop in
Pakistan since early 1990s. In economic terms, Pakistan has suffered a loss of 7.6 million
bales since 1988 which costs 71 billion rupees owing to this catastrophe. CLCuV was
earliest reported in Nigeria on Gossypium barbadense (Farquharson, 1912). CLCuD was
reported first time in Pakistan in 1967 near Multan (Tiba Sultanpur). Disease was not
given a serious attention. Later, it became a potential threat to most of the cotton cultivars
(Hussain and Ali, 1975). Soon after, the disease was found in major cotton producing
areas of Pakistan like Vehari, Multan, Bahawalpur, Khanewal and Sahiwal and caused
80% losses during 1987. In early 1990s, it became a serious threat to the cotton
production of Pakistan.
Prevention of virus infection is an objective of prime importance in both agricultural and
animal sciences. Inhibition of virus replication can be used to suppress viral infection.
The concept was demonstrated by Sera (2005). Sera (2005) targeted origin of replication
in the promotor region of rep gene of beet severe curly top virus (BSCTV) using artificial
zinc finger protein (AZFP). It was demonstrated that binding site of viral replication
initiator protein (Rep) was occupied in DNA binding assays. The artificial AZP was
expressed in all transgenic Arabidopsis plants tested and the replication of the virus was
20

found inhibited. Furthermore, it was observed that all transgenic plants showed varying
resistance to virus infection phenotypically. No symptoms were shown by 84% of the
transgenic plants. The replication mechanism of viral DNA is well understood amongst
animals and plants. The approach of blocking of viral replication could be applied to
prevent virus infection in plants as well as animals. Koshino-kimora et al. (2008) used the
same AZP technique against tomato yellow leaf curl virus (TYLCV). AZFPs were
designed to block the binding site of TYLCV replication protein (Rep) to the replication
origin. Efficient binding of AZP was observed. It was found that AZP had higher affinity
to bind to the replication origin then the rep protein in vitro. The AZP gene was
introduced Agrobacterium-mediated method of transformation to generate transgenic
plants.
Transcription activator like effectors (TALEs) are specific class of DNA binding proteins
which are secreted by Xanthomonas, a plant pathogenic bacteria. Xamthomonas infect
more than 350 plant species and cause serious diseases (Chan and Goodwin, 1999).
TALEs are secreted into plant to modulates host gene expression favoring disease
development. In case of bacterial blight of rice, it was observed that Xanthomonas oryzae
secretes TALEs which activate susceptibility genes of the plant. Once the TALE function
was revealed, the bacterial blight resistant rice was developed by expressing artificial
TALEs (Li et al., 2012). The exceptional DNA recognition scheme of TALEs allows a
speedy assemblage of artificial TALEs with higher specificity of DNA binding to target
any DNA sequence. Subsequently, TALE technology has been swiftly and broadly
exploited in plant and animal genome editing in the form of designable transcription
factors and engineered nucleases (Bogdanove et al. 2011). Moreover, assembly of
artificial TALENs with high specificity and binding affinity is more cost effective and
less time consuming than assembly of artificial zinc-finger technology (DeFrancesco,
2011).
TALEs can be fused with other effector domains such as FokI (Cermak et al., 2011),
KRAB (Kruppel-associated box) (Zhang et al., 2014), VP16 and VP64 (Boch 2011;
Miller et al., 2011), TET1 (translocation methylcytosine deoxygenase 1) (Maeder et al.,
2013), LSD (lysine specific demethylase 1A) (Joung et al., 2013). TALENs (TALEs with
FokI nuclease domain) are used to crease DSBs in the targeted DNA sequences. The
method of modular assembly has been developed for prompt production of designer
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TALENs which recognize a specific DNA (Li et al., 2011). This technique can be used to
engineer ten TALEN constructs targeting specific sequence in native yeast genome. All
TALEN construct tested induced higher rates of targeted mutations and disruption with
expected results. Consequently, dTALENs (designer TALEN) were developed for
insertion of transgene through HDR with higher efficacy. It was shown that TALEN
constructs could be developed and demonstrated with high activity in primary cells.
For the control of begomovirus diseases, several strategies have been utilized by
researchers, and RNA silencing (Vanderschuren et al., 2007a; Vanderschuren et al.,
2007b; Shepherd et al., 2009; Vanderschuren et al., 2009; Nahid et al., 2011). Transgenic
plants expressing zinc-finger proteins, DNA-binding proteins, with the ability to
specifically bind to genomic DNA of begomovirus, can confer resistance to the
corresponding begomovirus in plants (Sera, 2005; Mori et al., 2013). In a previous study,
it was reported that ZFNs, which specifically can halt the replication of multiple
begomoviruses by identifying a globally conserved sequence motif within genomes of
begomovirus, (Chen et al., 14). All above reports are enough to suggest that artificially
engineered DNA binding proteins can be specifically used as a promising technique for
broad range resistance developing against begomoviruses. TALEs, being more specific
and less laborious, may become a platform for resistance against begomoviruses.
Replication of the virus can be inhibited by disruption of the Rep binding site and/or
occupation of nonanucleotide. Rolling circle replication mechanism is initiated by rep
protein which involves DNA double strand intermediate form of the virus genome
(Saunders et al. 1991; Ilyina and Koonin 1992; Koonin and Ilyina 1992). TALENs can
only bind double stranded DNA while begomoviruses are ssDNA viruses. But it was
considere gd that TALEN proteins bound DNA in its double stranded replicative form
and created double strand break in the targeted region. The DSB leads to mutation of the
DNA sequence by creating indels which ultimately result in mutation in the target site.
Begomoviruses have been targeted by artificial TALEs which resulted in site specific
binding of TALEs and suppression of virus (Cheng et al., 2015).
Viral diseases have been the most dangerous diseases in plants due to the absence of any
successful strategy to directly inhibit the virus. Rather vector is normally inhibited.
Targeting viral DNA directly or viral disease pathogenesis-associated host factors for
disruption could be the possible strategies for virus suppression and disease resistance.
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The recent studies of using TALEs for begomovirus resistance has become a milestone in
the way of achieving disease resistance through DNA binding proteins and engineered
nucleases (Cheng et al., 2015). There is great promise and progress in using TALENs and
TALE repressors for antiviral gene therapy to control viruses like HIV (Bloom et al.,
2015). So far, different regions of viral genomes have been targeted to inhibit replication
and suppress viruses. Technological advancements in the past couple of decades have
revolutionized the agriculture sector and crop husbandry.
Ever since the emergence of engineered nucleases the field of genetic engineering has
been revolutionized. TALENs are becoming powerful tools in gene targeting, because
they produce site specific results and they have more than 10% gene-modification
efficiencies. TALENs could exemplify a reliable and vigorous method for genome
targeting; addition, deletion and modification. This chapter will give a brief review of
TALEN technology further it will also look at the basic knowledge about TALEs, their
history and specificity.
New crop varieties developed through genetic engineering techniques have made their
way from test tubes and labs to the farmer’s field and markets resulting new business
ventures and employment opportunities. Gene manipulations practice has been adopted as
a method of choice that will continue providing breeding tools to develop crop and animal
breeds for times to come. Cut and paste ability of DNA in 1970s enabled biologists to
develop first antibiotic resistant transgenic tobacco in 1983 and currently the global area
sown with c crops measures over 181.5 million hectares (James, 2014). Armed with
genomic information and biotechnology, plant molecular biologists are continuously
redesigning molecular tools to augment breeding for improved crop varieties. TALEN
technology is a comprehensive and robust, reliable and highly specific technology of site
specific gene targeting. It facilitates introduction of DNA double strand breaks that are
repaired further with homology dependent recombination (HDR) or non-homologous end
joining (NHEJ) mechanisms. This marvelous technology has been used for site specific
mutations in plants and animals with equal success rates. Demonstration of this approach
in different systems to get desirable results has been opening new horizons for genetic
engineers. The present study is an effort to demonstrate the feasibility of TALEN
technology for suppression of CLCuV which has been devastating cotton crop in Pakistan
since the last couple of decades.
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Chapter 2

REVIEW OF LITERATURE
2.1. Cotton and Cotton Leaf Curl Disease
Cotton crop has long been a major source of food, fibre and feed across the world. Cotton
as fibre was started Globally cotton was cultivated over an area of 30.49 million hectares
producing 96.46 million bales for 2016/2017 (Anonymous, 2017). Cotton belongs to
genus Gossypium. The genus Gossypium comprises 51 species. Gossypium barbadense
L. Gossypium hirsutum L. and are cultivated species of cotton with allotetraploid
genomes. G. hirsutum produces good quality of fibre hence is the most extensively
cultivated species. G. herbaceum G. arboreum and, native to the Old World (OW), do not
produce good quality fibre. Cotton is widely cultivated in Pakistan. It is considered as
white gold in Pakistan due to its importance in social and economic life. Cotton is the part
of our life from our birth to death. Unfortunately, cotton is facing a lot of abiotic and
biotic stresses in Pakistan ensuing in huge losses to cotton production. Cotton is attacked
by several pathogens and pests which cause different diseases. CLCuD is the most
significant disease causing massive losses to the crop (Khan and Ahmad, 2005).
The disease, CLCuD, was first reported on Gossypium barbadense in Nigeria by
Farquharson in 1912 from Nigeria. Jones and Mason (1926) recorded it from Tanzania in
I926. In Pakistan, cotton leaf curl disease (CLCuD) was first detected at Tiba Sultan near
Multan in the year 1967. During 90’s, the disease caused substantial damage to cotton
crop. During 1991, the cotton cultivated area affected by this disease reached 35,000
hectares. In 1993-94, over 889000 hectares of the cotton crop were damaged with a loss
of 1.88 million bales. The disease was spread in Sindh in 1997, in NWFP in 1998 and in
Balochistan in 2001. CLCuD is caused by whitefly transmitted begomoviruses (CLCVs)
(Mansoor et al., 1993; Briddon and Markham, 2001b). The CLCuD system is one of the
most intensively studied and among one of the first in which geminivirus associated
single stranded DNA satellites were identified (Briddon and Stanley, 2006).
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2.2. Begomoviruses and Their Replication
Begomoviruses are a group of Geminiviruses which are transmitted by the whitefly based
vectors. These viruses have been known to cause serious diseases in economically
important crop plants and vegetables leading to extreme yield reduction (Leke et al.,
2015). Begomoviruses are single stranded DNA (ssDNA) viruses either monopartite or
bipartite associated satellite (Dry et al., 1997). Monopartite particles have one major
DNA molecule (DNA A) while bipartite begomoviruses have two genomic particles
(DNA A & B). Most of the cotton infecting viruses are monopartite associated with
satellites. Begomoviruses genome contains six open reading frames (ORFs); replication
associated protein (C1), transcription activator protein (C2), replication enhacer protein
(C3), pathogenicity determinant (C4), coat protein (V1) and the pre-coat protein (V2)
(Navot et al., 1991) (Figure. 2.1a, b). Begomoviruses encompass 322 species and the type
species is BGYMV (Bean golden yellow mosaic virus) (Fauquet et al., 2000).

Figure: 2.1a. Genome organization of begomoviruses. Monopartite begomoviruses are
consist of only six genes, CP (coat protein) and V2 (shuttle protein) are in sense
orientation while Rep (replication associated protein), REn (replication enhancer protein),
TrAP (transcriptional activator protein) and C4 proteins are in complementary to sense
orientation on DNA-A like genome. Bipartite begomoviruses also have an extra genomic
component (DNA-B) which encodes NSP (nuclear shuttle protein) in the sense
orientation and MP (movement protein) in the complementary to sense orientation.
(Zaidi et al., 2016)
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Figure: 2.1b: Genome organization of alphasatellites and betasatellites associated with
begomoviruses. DNA satellites are mostly associated with Old World (OW)
begomoviruses, satellites are almost half size of the viral genome, known as betasatellites
and alphasatellites. Alphasatellites, in the sense orientation, encode Rep protein while
betasatellites, in complementary to sense orientation, encode another Rep known as
betaC1. These satellites (alphasatellites and betasatellites) are rich in adenine regions.
Nonanucleotide (TAATATT/AC) is the most conserved region in all begomoviruses
within the intergenic region (IR) (Zaidi et al., 2016).
Cotton leaf curl Gezira virus (CLCuGeV) was the first CLCuV identified in Africa (Idris
and Brown, 2002). CLCuGeV (Tahir et al., 2011). In Indian subcontinent, CLCuD is
substantially caused by a complex of virus species. The complex of begomoviruses is
transmitted through whitefly. Almost eight to ten viruses are involved in infecting the
cotton plants. In Pakistan and India, many species have been identified which cause
CLCuD (Zhou et al., 1998; Idris and Brown, 2002; Mansoor et al., 2003a.; Briddon,
2003b; Kirthi et al., 2004; Amin et al., 2006). Some of the viruses have been recombined
to make new variants of viruses. Most prevalent viruses in the subcontinent region are;
Cotton leaf curl Multan virus (CLCuMV), Cotton leaf curl Alabad virus (CLCuAV),
Cotton leaf curl Rajasthan virus (CLCuRV), Tomato leaf curl Bangalore virus
(ToLCBV), Papaya leaf curl virus (PaLCuV) and Cotton leaf curl Kokhran virus
(CLCuKV). Different other viral species have been identified in Indo-Pak region from
north and central with time, one of them is Cotton leaf curl Bangalore virus (CLCuBaV)
which was found in Southern India (Reddy et al., 2005).
Geminiviruses replicate through rolling-circle replication in the nucleus of the host cells
(Stenger et al., 1991; Saunders et al., 1991)(Figure. 2.2). It involves dsDNA intermediate,
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for replication in the host cell. The complementary-sense DNA produces dsDNA
intermediate using a short RNA primer (Donson et al., 1984; Saunders et al., 1992). The
multifunctional Rep (C1) protein is indispensable for the initiation and termination of
replication. RCR occurs in two stages; in the very first stage the ssDNA is adapted into a
dsDNA intermediate and then the replication is started by the RCR mechanism. This
mechanism is analogous to mechanism found in bacteriophages, prokaryotic ssDNA
replicons eubacterial plasmids and (Bisaro, 1996; Saunders et al., 1991; Stenger et al.,
1991; Timmermans et al., 1994). It has been suggested that the binding of Rep protein
occurs at iterons resulting the creation of a nick in the nonanucleotide region
TAATATT/AC (slash indicates the nicking site) within loop sequence of virion sense
strand (Laufs et al., 1995a; Orozco and Hanley-Bowdoin, 1996). Regulation of the
replication if initiated by the binding motif in the common region (Hanley-Bowdoin et
al., 1999). Rep attach to 5’ terminus and start elongation to 3’ terminus following the
recruitment of host machinery (Kong et al., 2000; Luque et al., 2002; Nagar et al., 1995;
Selth et al., 2005) (Figure. 2.3).

Figure: 2.2. Rolling circle replication mechanism involves dsDNA intermediate.
Diagram is showing viral replication and protein expression in the host cell. Viral proteins
are encoded by dsDNA. Rep protein and cellular factors regulate viral replication and
gene expression.
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Figure: 2.3. Role of Rep protein in replication initiation and gene regulation. Rep binds
within promoter distal region of rep gene and creates a nick in the conserved region to
initiate replication of the viral DNA.

2.3. Conventional approaches and breeding for developing crops
resistance to begomoviruses
Several traditional and transgenic approaches have been used to control begomoviruses in
plants. Begomoviruses are whitefly-transmitted geminiviruses (WTG) which have been
traditionally controlled by integrated pest management (IPM). Controlling whitefly
(Bemisia tabaci) was the first and foremost effective traditional approach to control
begomoviruses in plants (Faria and Wraight, 2001; Gerling et al., 2001). Breeding
programs are grounded on the transmission of resistance genes taken wild plants to the
cultivated crops. Numerous sources of resistance development have been identified and
used for begomovirus resistance in plants through breeding. In tomato, TY genes (TYLCV
resistant gene) have been used extensively to develop resistance against viral diseases.
The very first commercial tomato, TY20.

Breeding programs are grounded on the

transmission of resistance genes taken wild plants to the cultivated crops. The resistance
was derived from Lycopersicon peruvianum. (Pilowsky and Cohen, 1990; Rom et al.,
1993). Bianchini et al. (1999) and Singh et al. (2000a) used Mesoamerica race includes
landraces Porriillo Sintetico and Turrialba 1 as sources of resistance to develop resistance
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against BGYMV in common bean (Phaseolus vulgaris). Ty genes such as Ty1, Ty-2, Ty3, Ty-4, Ty-5, Ty-6 have been used to engineer resistance against TYLCV (Prasanna et
al., 2015; Hanson et al., 2016).
It was found that G. arboreum (Desi cotton), a native cotton in Pakistan, is resistant to
CLCuD but unfortunately owing to its low fibre quality majority of the cotton cultivated
is G. hisutum. 9 Nazeer et al. (2014). They investigated that the progenies cytology of
progenies BC1 to BC3 direct and reciprocal cross of G. hirsutum G. arboreum and
estimated their resistance to CLCuD in subsequent progenies. The disease incidence was
increased in backcrossing, in BC1 (1.7–2.0%), BC2 (1.8–4.0%), and BC 3 (4.2–7.0%).
Though, the disease incidence was decreased than variety CIM-496 used as control, in
which disease incidence was 96%. The evaluation of disease resistance checked using
grafting technique showed high resistant against the disease in BC1 to BC3 progenies.
Consequently, the study demonstrated the likelihood of introgression of CLCuD
resistance genes in G. hirsutum from G. arboreum. Almost, it has been suggested by
several researchers that highly resistant lines could be developed by pyramiding resistant
genes from different sources (Urrea et al., 1996; Singh et al., 2000a; Singh et al., 2001;
Morales et al., 2001). Cours et al. (1997) generated resistant varieties of cassava from
interspecific crosses against cassava mosaic disease (CMD). However, the level of
resistance was decreased under higher inoculum pressure. Other researchers also reported
polygenic resistance in cassava through interspecific crosses showing recessive and
additive with 60% heritability (Hahn et al., 1989; Fargette et al., 1996). However, most of
the cultivars and varieties developed through breeding from a single resistant source
became susceptible under severe disease pressure. Development of molecular markers to
recognize quantitative trait loci (QTLs) linked to the resistance against viruses is needed
to find out new resources of resistance. Miklas et al. (1996) recognized two QTLs linked
to resistance against BGYMV in a recombinant and inbred population which was derived
from cross of XAN176 (susceptible) Dorado (resistant) and. It was found that the two
QTLs had cumulative additive effect of 60 % for resistance against BGYMV. Other
researchers also reported polygenic resistance in cassava through interspecific crosses
showing recessive and additive with 60% heritability (Hahn et al., 1989; Fargette et al.,
1996).

However, the segregating population exhibited a higher susceptible plants

suggesting heterozygous for a resistance/suppressor gene highlighting the need to use the
primary source of resistance (CP-15/2 and LRA-5166) for breeding purposes.
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It has been suggested by several researchers that highly resistant lines could be developed
by pyramiding resistant genes from different sources (Urrea et al., 1996; Singh et al.,
2000a; Singh et al., 2001; Morales et al., 2001). Cours et al. (1997) generated resistant
varieties of cassava from interspecific crosses against cassava mosaic disease (CMD).
However, the level of resistance was decreased under higher inoculum pressure. Other
researchers also reported polygenic resistance in cassava through interspecific crosses
showing recessive and additive with 60% heritability (Hahn et al., 1989; Fargette et al.,
1996). However, most of the cultivars and varieties developed through breeding from a
single resistant source became susceptible under severe disease pressure. Development of
molecular markers to recognize quantitative trait loci (QTLs) linked to the resistance
against viruses is needed to find resources of resistance. Miklas et al. (1996) recognized
QTLs linked to resistance against BGYMV in a recombinant and inbred population
which was derived from cross of XAN176 (susceptible) Dorado (resistant) and. It was
found that the two QTLs had cumulative effect of 60 % for resistance against BGYMV.
Breeding for virus resistance without molecular markers would be limited to phenotypic
screening of resistant plants. It has been suggested that the screening of resistant plant on
phenotypic basis i.e., absence or presence/severity of the symptoms is inappropriate and
can be ambiguous (Vidavsky et al., 1998). Therefore, use of molecular markers to
increase the effectiveness and reliability of screening for resistance would also be helpful
in reducing cost and time in classical breeding program (Kelly, 1995; Chague et al.,
1997). Urrea et al. (1996) developed a codominant RAPD (randomly amplified
polymorphic DNA) marker tightly liked to resistant gene (bgm1) of common bean.
Several disease resistant QTLs has been mapped for marker assisted selection. Zamir et
al. (1999) used L. chilense as donor for resistance and mapped TY-1 at chromosome 6
following two additional modifier genes at chromosomes 3 and 7 respectively. Hanson et
al. (2000) showed resistance to tomato leaf curl Bangalore virus (ToLCBV) tomato leaf
curl Taiwan virus (ToLCTWV) and by introgression on chromosome 11 through marker
assisted selection. Previously, the resistance was reported from wild tomato L. hirsutum
and mapped to chromosome 8 and 11. Identification of molecular markers associated
mostly to the source of resistance and mapping of resistant genes will be more effective
for developing resistance through breeding. Molecular markers aid in identification,
mapping and analysis of QTLs.
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2.4. Transgenic strategies for developing crops resistant to Begomoviruses
Among transgenic approaches; pathogen derived resistance (PDR) (Sanford and Johnson,
1985) and non-pathogen derived resistance (NPDR) are common approaches. Recently,
DNA binding proteins and engineered nucleases have also been used to increase
resistance against viruses. The following is a brief review of transgenic approaches used
to develop resistance against begomoviruses.
2.4.1. Pathogen-derived resistance
Viral sequences have been extensively reported to trigger host adaptive defense
mechanism for virus resistance in plants. Researchers have used coat protein (CP)
(Powell-Abel et al., 1986), movement protein (MP) (Ziegler-Graff et al., 1991),
replication associated protein (rep) (Noris et al., 1996) for engineering resistance against
viruses. Apart from expression of viral proteins, antisense fragments of viral sequences
and genes have also been used to activate plant posttranscriptional gene silencing
(PTGS), virus induced gene silencing (VIGS), RNA-mediated virus resistance (RmVR)
and for creating resistance against viruses in plants (Day et al., 1991; Franco et al., 2001;
DeFJiang et al., 2003; Ammara et al., 2015).
Kunik et al. (1994) used CP genes to develop resistance against begomoviruses. Kunik
and colleagues observed resistance against TYLCV with a delay in symptoms, phenotype
recovery concomitant with higher levels of CP protein expression in tomato using fulllength CP gene. While Sinisterra et al. (1999) developed resistance against tomato mottle
virus (ToMoV) in tobacco plants. These studies affirmed resistance against TYLCV and
ToMoV, respectively by expressing CP protein. However, Sinisterra and colleagues also
noticed that R2 generation of tobacco plants was susceptible to ToMoV while resistance
was observed in R1 generation.
A year after the proposition of PDR by Sanford and Johnson (1985), Powell-Abel et al.
(1986) reported resistance in tobacco (Nicotiana tabacum L.) plants transformed with the
CP gene of Tobacco mosaic virus (TMV) plants expressing the CP gene of Tobacco
mosaic virus (TMV). Later in 1989, Nejidat and Beachy (1989) also confirmed resistance
development in transgenic tobacco plants by expression of CP of TMV. Many other
scientists also reported plants with viral CP or MP transgenes showing resistance against
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begomoviruses (Lindbo and Dougherty, 1992a; Van der Vlugt et al., 1992; Lindbo and
Dougherty, 1992b; Sijen et al., 1995, 1996; Prins et al., 1997; Sinisterra et al., 1999).
Use of dysfunctional MP has also been reported for resistance development against
viruses. It is believed that the resistance is generated due to the competition between
mutant MP and wild type MP for plasmodesmatal binding sites (Lapidot et al., 1993). It
was suggested that different viral movement proteins interact with plasmodesmatal
components accordingly (Baulcombe, 1996), likely to be pectin methyl esterase (Chen et
al., 2000). There was a strong correlation between resistance to the virus infection and the
accumulation of a defective TMV MP (Lapidot et al., 1993).
Replication-associated gene (Rep) has been first demonstrated that the expression of C4
protein with expressing a truncated (TYLCSV) Rep protein conferred resistance against
virus. Unfortunately, it was found that virus was succeeded in overcoming the resistance.
Truncated Rep gene was also transformed in tomato plants for virus resistance (Brunetti
et al., 1997). Transgenic plants were found resistant to TYLCSV infection comparing
with wild type non-transgenic plants. However, altered phenotype were shown by
transgenic plants with respect to wild type plants and the resistance was specific and the
plants were susceptible to Tomato leaf curl Australia virus (TLCAV) (Brunetti et al.,
1997). Day et al. (1991) produced transgenic tobacco plants resistant tomato golden
mosaic virus (TGMV) having antisense sequence of the Rep gene. However, no evidence
of resistance was observed in non-transgenic plants. Transgenic plants were found
resistant to TYLCSV infection comparing with wild type non-transgenic plants. However,
altered phenotype were shown by transgenic plants with respect to wild type plants and
the resistance was specific and the plants were susceptible to Tomato leaf curl Australia
virus (TLCAV) (Brunetti et al., 1997). Bendahmane and Gronenborn (1997) used a fulllength antisense Rep which subsequently conferred reasonable resistance in transgenic N.
benthamiana to TYLCSV. It was also found that the resistance was transmitted in the
subsequent R2 generation with same strength. The level of resistance to the virus was
interestingly specific to the homology between the virus and the antisense RNA. Franco
et al. (2001) also developed resistance against TYLCSV in N. benthamiana using an
antisense RNA of TYLCSV Rep gene as well as extrachromosomal molecules. However,
the plants were not able to resist TYLCV, which caused more severe virus disease.
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Apart from CP and MP, other viral proteins have also been used for PDR in plants.
Moreno et al. (1998) transformed tobacco with P1 or P3 protein encoding genes of
tobacco vein mottling potyvirus (TVMV) and reported resistance against virus. Ammara
et al., 2015 used hairpin RNAi (hpRNAi) against replication-associated gene, coat protein
gene, intergenic region and V2 gene of TYLCV-OM (Oman) for engineering resistance.
Initially, double stranded RNA (hpRNAi) were used against TYLCV-OM and TYLCVOM individually or in combination in tomato or Nicotiana benthamiana. Nine Transgenic
lines of Solanum lycopersicum L. cv. Pusa Ruby were also developed using hpRNAi.
Transgenic plants were tested with TYLCV-OM and ToLCB-OM by Agrobacteriuminoculation. Nicotiana benthamiana and tomato plants transformed with hairpin RNAi
(hpRNAi) showed resistance against tested viruses (TYLCV-OM and ToLCB-OM) on
equal basis. It was found that less than 25% plants shown symptoms against the tested
virus. In another experiment it was found that all lines were ≤45% symptomatic against
TYLCV-OM and ToLCB-OM. Though, it was clear after southern blotting analysis titer
was lower than control tomato plants.
Sohrab et al. (2014) used antisense ßC1 gene to develop resistance against CLCuV. They
produced transgenic cotton plants expressing antisense ßC1 gene derived by Cauliflower
mosaic virus promoter 35S and nos terminator. Transformation was mediated by
Agrobacterium tumefaciens through somatic embryogenesis system. Confirmation of the
transformants was carried out by southern blot hybridization and PCR. Agroinfiltration
method was used to infect the plants with the subsequent virus. Infectious clones of the
virus were made previously and mobilized into Agrobacterium tumefaciens. The
developed transgenic and inoculated plants remained symptomless till their growth
period. In conclusion, the inoculated plants were observed completely resistant to CLCuV
. Ali et al., 2013 produced two artificial micro RNA (amiRNA) constructs (P1C & P1D),
on the basis of 21 nt miRNA169a (cotton) sequence of the V2 gene of Cotton leaf curl
Burewala virus (CLCuBuV). The miRNA169a was expressed in N. benthamiana. It was
reported that transgenic plants with P1C showed higher resistance against CLCuBuV as
compared to P1D expressing plants.
2.4.2 Non-pathogen derived resistance
Although, pathogen derived resistance is a broadly used method for resistance against
viruses but there are some examples that resistance achieved through nonpathogen-
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derived approaches. The ribosome-inactivating proteins (RIPs) having natural control
against many animal and plant viruses are used for virus suppression to note dianthin is
one such protein from Dianthus caryophyllus L., have natural mechanism of control
effects against several devastating viruses (Hong et al., 1996; Hong and Stanley 1996).
The resistance was successfully developed using dianthin gene as a natural mechanism
against this whitefly transmitted geminiviruses (WTG).
Infected plants regularly have an innate defensive hypersensitive action that restrict virus
movement to the infection site by triggering the apoptosis or cell death of the infected
cells. This kind of reaction can be induced artificially against viruses like geminiviruses
using barnase and barstar proteins. These proteins have combined effect and action of
resistance against virus and are belong to the bacterium Bacillus amyloliquefaciens
(Vanderschuren et al. 2007a; Legg and Fauquet, 2004; Zhang et al. 2003).
Virus resistance genes have also been used for virus resistance in plants such as Ty genes
(Ty-1, Ty-2, Ty-3, Ty-4, Ty-5, Ty-6) specifically against begomoviruses infecting tomato
(Ji et al., 2007a, Ji et al., 2007b, Ji et al., 2008, Verlaan et al., 2013; Hutton and Scott,
2015). These are famous plant resistant genes against viruses. High levels of resistance
against the tomato yellow leaf curl disease have been observed by using Ty resistance
genes (Prasanna et al., 2015; Hanson et al., 2016).
Viral diseases have also been controlled by controlling the vector through which viruses
transmit into plants. It has been reported that GroEL homologue of Bemisia tabaci has the
ability to protect begomoviruses and facilitates safe transmission of TYLCV to tomato
plants (Morin et al., 1999). It was observed that the transmission of the virus was reduced
in more than 80% plants when the whiteflies were feed with anti Buchnera GroEL
antiserum. Edelbaum et al. (2009) expressed whitefly GroEL protein in N. benthamina to
confer resistance to TYLCV and cucumber mosaic virus. It was claimed that the
transgenic plants showed tolerance to begomoviruses. Further studies for finding the role
of whiteflies in protection and transmission of begomoviruses revealed that HSP70 of B.
tabaci 70 responded specifically to monopartite (TYLCV) and bipartite begomoviruses
(SLCV) (Gotz et al., 2012). Finally, it was suggested that HSP70 have an inhibitory role
in virus transmission through whitefly.
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2.4.3. Novel approaches: Use of artificial DNA binding proteins and engineered nucleases
DNA binding proteins like Zinc finger and TALEs have been extensively used by researchers
during this decade. These are specific DNA binding proteins which could be used to bind a
specific DNA sequence. ZFs, alone or with FokI nuclease fusion, has also been used for virus
suppression. Sera et al., 2005 used artificial DNA binding proteins against viruses for the first
time. Artificial zinc finger proteins (AZPs) were used to occupy Rep protein binding site of
BSCTV in tobacco. Rep protein is the first and foremost protein of the virus that initiate and
regulate viral replication (Hanley-Bowdoin et al. 1999). Chen et al., 2014 also used AZFNs
(artificial zinc-finger) to target a highly conserved DNA motif in begomoviruses. It was
observed that AZFNs were able to cleave the target sequence and inhibit the replication of the
virus efficiently. They suggested that artificial zinc finger proteins could be used for resistance
against multiple begomoviruses.
Artificial zinc-finger proteins (AZPs) were also used to occupy the binding site of the Rep
protein ensuing viral replication inhibition (Koshino-Kimura et al., 2008). It was claimed that
the AZPs could bind Rep binding site of TYLCV with higher affinity compared to Rep
protein. Mori et al., 2013 also used AZPs to occupy Rep protein binding site to inhibit
replication of TYLCV. Yousaf et al., 2015 used ssDNA binding protein VirE2 of
Agrobacterium

tumefaciens

to

develop

resistance

against

(CLCu

Kokhran

V)

CLCuKoV/Cotton leaf curl Multan betasatellite (CLCuMB) and Tomato leaf curl New Dehli
virus (ToLCNDV). Almost 68% resistance against CLCuKV/CLCuMuB and 56% against
ToLCNDV was observed. Cheng et al., 2015 also demonstrated the feasibility of TALEs for
suppression of begomoviruses and it was observed that the TALEs are efficient in suppression
of viral diseases.
In bacteria and archaea, CRISPR/Cas9 (CRISPR-associated Cas9 system) is an indigenous
host defense system against viruses, phages and invading plasmids (Barrangou, 2013; Bikard
et al., 2012; Emerson et al., 2013; Marraffini and Sontheimer, 2010; Elmore et al., 2013;
Marraffini and Sontheimer, 2008). For targeted genome editing and modifications in
eukaryotes including plant species, CRISPR/Cas9 system has been demonstrated successfully
by different researchers (Cong et al., 2013; Mali et al., 2013). CRISPR/Cas9 system is very
efficient and cost-effective compared to others The CRISPR/Cas9 molecular immunity system
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comprises the Cas9 protein with endonuclease of Streptococcus pyogenes and a single
guide RNA (sgRNA) to directs the Cas9 protein endonuclease to a target DNA sequence
which is complementary to the 20 nucleotides preceded with the protospacer associated
motif (PAM) (5’NGG3’). PAM region is a prerequisite for the binding and activity of
Cas9 (Jinek et al., 2012; Gasiunas et al., 2012). So, a new sgRNA can be easily designed
and constructed by just adding 20 nucleotides to the sgRNA scaffold for using efficient
targeting of DNA for gene editing or regulation. Additionally, simultaneous targeting of
several gene (multiplexing) is possible using multiple sgRNAs (Cong et al., 2013). Xiang
et al. (2015) used CRISPR/Cas9 to confer resistance against DNA viruses in plants.

2.5. Use of TALEs and TALEN Technology for Genetic Improvement of
Plants
Genetic modifications precise enough at single nucleotide level have been one of the
fundamental goals for scientists working in the field of drug development, herbicide
resistance, biotechnology, , gene therapy and synthetic biology. Engineered nucleases are
powerful tools for generating targeted gene modifications to plant and animal genomes in
vivo (Bogdanove and Voytas, 2011). Precise genome modifications with engineered
nucleases can provide a platform to answer basic biological questions and to improve
biotechnology as well (Voytas, 2013). To date, different kinds of engineered nucleases
have been used for precise genome modifications; ZFNs, meganucleases, TALEN,
CRISPR/Cas9 etc. Scientists have been using engineered nuclease for last two decades to
harness the repair machinery of the cell by creating DSBs in DNA sequence at specific
sites (Kim et al., 1996; Durai et al., 2005). Binding of a reprogrammable protein to the
desired sequence of DNA and simultaneous cleavage is a prerequisite to generate double
strand break (Nakatsukasa et al., 2005).
TALENs technology offers the opening up of a new, swifter and excellent route for crop
improvement. TALE protein fused with FokI nuclease domain act as molecular cutter
which become able to create double strand breaks in DNA sequences at targeted region.
TALENs are almost similar of ZFNs in catalytic activity. TALENs also need two
domains of FokI nuclease for the DSB . This DNA binding protein is composed of highly
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conserved repeats tandem derived from TALEs secreted by Xanthomonas spp. to modify
gene expression in host plant cells (Boch and Bonas, 2010).
TALENs has enabled genetic modifications in a very precise fashion by simply inducing
double strand breaks at targeted DNA sites to edit a DNA sequences for insertion,
deletion or correction. Gene targeting can be achieved with repair of DSBs via Non
Homologous End Joining (NHEJ) (Moehle et al., 2007) or Homologous Recombination
(Remy et al., 2010). Non homologous end joining NHEJ is a speedy and effective DSB
repair mechanism which involves an artless ligation of the two DNA ends that result from
a DSB (Lieber, 2010). The repetitive DNA. For engineering crops to cope biotic
constraints prior knowledge of gene function and regulation is radical (Liu et al., 2013).
Ever since the emergence of engineered nucleases the field of genetic engineering has
been revolutionized. TALENs are becoming powerful tools in gene targeting, because
they produce site specific results and they have more than 10% gene-modification
efficiencies. TALENs could exemplify a reliable and vigorous method for genome
targeting; addition, deletion and modification. This chapter will give a brief review of
TALEN technology further it will also look at the basic knowledge about TALEs, their
history and specificity.
2.5.1. History of TALEs
Hopkins et al., (1992) had first derived a family of avirulence genes from Xanthomonas
oryzae pv. Oryzae. Later on, this distinct class of plant pathogenic proteins was named as
TALEs (transcription activator like effectors). These plant pathogenic proteins were also
observed in pepper (Romer et al., 2007) and tomato (Conrads-Strauch et al., 1993) which
have mysteriously tremendous function of modulating host gene expression. TALE
proteins facilitate bacterial survival and colonization by regulation of host gene
expression (Boch, 2009; Moscou, 2009). These are type III secretion system dependent
proteins which act like transcription activators, localized in nucleus and bind double
stranded DNA in the promoter regions of host genes to modulate host gene expression
making plant susceptible to disease (Yang et al., 200; Buttner and Bonas, 2002; Romer et
al., 2009; Gan et al. 2011; White et al., 2009; Li et al., 2012). The proteins have been
purified and deciphered for their DNA binding specificity (Boch, 2009; Bogdanove et al.,
2010; Boch and Bonas, 2010; Morbitzer et al., 2010; Yang et al., 2014;). Initially TALEs
protein AvrBs3 were discovered in pepper (Bonas et al., 1989) which have later been
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used as scaffold for DNA binding and gene activation in tomato (Morbitzer et al., 2010)
and other organisms.
TALE proteins are type III secretion system-based proteins which Xanthomonas (Scholze
and Boch, 2011; Bogdanove et al., 2010). TALE proteins, typically, are composed of
three domains; and a transcriptional activation domain at C-terminal. These factors are
essential for the recognition and binding to the target DNA in the host genome and for the
activation of expression of genes required for pathogen. In the plant cell, TALEs enter in
the nucleus and bind to promoter sequences specific to effector, and activate plant genes
to benefit the bacterium or may trigger host defense system (Kay et al., 2007; Romer et
al., 2007). TALEs, naturally, are composed of almost 17.5 to 18.5 tandem repeats. The
last repeat of TALE comprises only on 20 amino acids (Scholze and Boch, 2010) and
therefore it is called as ‘half-repeat’ (Boch et al., 2010). TALEs have α-helix and β-sheets
which bind at specific DNA sequence to modulate expression of the host genes.
Modulation of host gene expression have also been discovered by other similar DNA
binding proteins. TALEs and/or TALEs-like effectors have also been discovered in
pathogenic bacterium Ralstonia solanacearum and Burkholderia rhizoxinica as well
which have same modularity and functioning as the previous TALE proteins (Salanoubat
et al., 2002; Heuer et al., 2007; Li et al., 2013, de Lange et al., 2014).
TALEs are a class of specific DNA binding proteins which are secreted by Xanthomonas,
a plant pathogenic bacteria. Xamthomonas infect more than 350 plant species and cause
serious diseases (Chan and Goodwin, 1999). TALEs are secreted into plant to modulates
host gene expression favoring disease development. In case of bacterial blight of rice, it
was observed that Xanthomonas oryzae secretes TALEs which activate susceptibility
genes of the plant. Once the TALE function was revealed, the bacterial blight resistant
rice was developed by expressing artificial TALEs (Li et al., 2012). The exceptional
DNA recognition scheme of TALEs allows a speedy cloning of artificial TALEs with
higher specificity to DNA binding to target any DNA sequence. Subsequently, TALE
technology has been swiftly and broadly exploited in plant and animal genome editing in
the form of designable transcription factors and engineered nucleases (Bogdanove et al.
2011)
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2.5.2. DNA binding specificity of TALEs
The bewildering specific DNA binding property of TALE protein was unraveled by Boch
team (Boch, 2009; Boch et al., 2010). The specificity of DNA binding of each TALE
repeat is principally derived by polymorphism at positions 12 and 13 within the module
(Deng et al., 2012; Mak et al., 2012 (Boch et al., 2010; Moscou and Bogdanove, 2009)
(Figure. 2.4). in this RVD asterisk denotes a missing residue at 13), and HG account for
almost 90% of all repeats (Boch et al., 2010) and specify C, T, A, G/A, A/C/T/G, C/T,
and T respectively (Moscou et al., 2009; Boch et al., 2009;). NH is a rare RVD found in
TAL effectors, it uniquely specifies G (guanine) base of the DNA (Cong et al., 2012;
Streubel et al., 2012;). It has been observed that 12 th residue of repeat variable di-residues
is N, most commonly, or H. The degeneracy of the code is due to 13 th residual RVD. This
degeneracy could be beneficial when consensus sequences are being targeted with single
TALE for broad spectrum sequence targeting; like NN has 50% affinity for G/A, so if
there is a difference of this base in consensus sequences NN could be used instead of NK
or NH which bind specifically a guanine (G).
These associations enabled prediction of targets sites for prevailing TAL effectors, and
also made engineering of artificial TAL effectors more easy to bind DNA sequences of
choice. Consequently, TAL effectors have received much attention as DNA targeting
tools (Bogdanove et al., 2011). The unique modular nature of the DNA binding TALE
domain is distinctive among all kingdoms of life, ‘Golden Gate’ cloning strategy could be
used to assemble RVDs with different specificities (Engler et al., 2008; Cermak et al.,
2011) to target a particular pre-defined DNA sequence. However, Context dependent
effects (between repeating units) as observed with zinc-fingers proteins (Cathomen and
Joung, 2008), have not reported so far, a systematic study addressing this aspect of TALeffectors is still lacking.
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Figure. 2.4: TALE structure and DNA recognition code. N is N-terminal. TS is T3
signals. NLS is nuclear localization signal for localization of TALE into nucleus. AD is
activation domain and C is C-terminal of the protein. (Khan et al., 2016)
The designing of custom-made TALEs to target a particular sequence in a genome is
facilitated by this particular feature. Owing interaction between N-terminal domain and
thymine (Mak et al. 2012), all target sequences are preceded by thymine (5′ T) at zero
position (Mussolino et al., 2011; Zhang et al., 2011; Miller et al., 2011). This could be a
possible constraint in designing TALE for a DNA sequence, but the TALE domains with
different N-terminal specificities have also been isolated and characterized (Lamb et al.,
2013). So, virtually TALE could be tailored on the basis of modular nature with different
effectors/functional domains to target DNA sequence for desirable modifications (Figure.
2.5).
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Figure. 2.5: Fusion of different effector domains with TALEs. (Khan et al., 2016)
2.5.3. Designing TALEs and TALENs
Being the fact that the designing of TALE is easier than zinc fingers proteins and
meganuleases, TALEs have been designed and assembled more frequently (Zhang et al.,
2013; Ding et al., 2013). Different software’s have been developed for TALEs and
TALENs designing and assembly prediction but we have discussed here the most
prominent and useful. These programs are either available online freely or downloadable
for off net use. TALEs and TALEN monomers responsible for binding to specific DNA
base could be predicted manually for a short sequence but for large scale screening and
other relevant analysis use of in silico tools has become common.
2.5.3.1. TAL Effector Nucleotide Targeter 2.0
A number of web tools are provided by Cornell University for TAL repeat array
designing. These programs are freely available online (Doyle et al., 2012) and facilitate in
finding TAL repeat to a DNA target. The DNA sequence to be analyzed must be provided

41

in FASTA format. Moreover, user defined range for number of TAL repeats could be
adjusted. For guanine specific RVD selection NN or NH could be used. Further the RVDs
are designed according to golden gate method. All programs including old and new
versions are as; TALEN Targeter (in old version with designing guidelines), TALEN
Targeter (in new version design arrays for TALENs to target particular DNA sequence),
Target Finder (It identify the best DNA sequence for a specified RVD sequence with high
scoring). Target Finder is a combination of older softwares such as Off-target Site Finder
and TAL Effector Site Finder. Another software is TAL Effector Targeter which helps in
designing single TALE for DNA binding to specific sites. Further the RVDs are designed
according to golden gate method. This is updated and upgraded version of Single TALE
Targeter. Paired Target Finder is another efficient tool for finding best sites to target
selected DNA sequence with paired RVDs. These tools can be accessed at [https://talent.cac.cornell.edu/].
2.5.3.2. E-TALEN
E-TALEN is also a web-based program used to design TALEN to target various DNA
sequences (Heigwer et al., 2013). It can be used to target from single to multiple TALEN
target sites (up to 50 target gene). This software can also be used to evaluate existing
TALEN designs. E-TALEN has been provided as easy to use web server which does not
require pre-defined knowledge about the sequence or gene to be analyzed for TALEN
design. E-TALEN can be easily accessed at [http://www.e-talen.org/E-TALEN/].
2.5.3.3. Galaxy TAL Effectors
Galaxy is an online server of Martin Luther University Halle-Wittenberg. This server
provides different tools for TALEs and TALENs along with other informative and useful
programs as free public server [http://galaxy2.informatik.uni-halle.de:8976/]. Different
programs for TALEs and TALENs prediction and sequence analysis provided by Galaxy
server are TALgetter, TALgetterlong and TALENoffer. TALgetter is used to predict
TALE binding sites in a given sequence with respect to TAL RVDs according to Grau et
al., 2013. TALgetterlong is a variant of TALgetter designed to analyze large sequences.
TALENoffer is used to predict off-targets of TALENs (Grau et al., 2013).
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2.5.3.4. Mojo Hand
Mojo Hand is another web-based program used for prediction of TAL and TALEN which
further aid in designing and construction of TALEs and TALENs. The tool was proposed
by Neff et al., 2013 which predicts TALEs and TALEN design according to Golden gate
assembly method. Moreover, it also provides restriction site recognition in spacer region
between binding sites of TAL monomers which is further used to analyze DSB results.
The software works in very comprehensive and simple manner; it also facilitates auto
downloading of DNA sequence from National Center for Biotechnology Information
(NCBI). Mojo Hand can be accessed at [www.talendesign.org].
2.5.3.5. idTALE
idTALE was developed by King Abdullah University of Science and Technology, Saudi
Arabia, in 2013 to facilitate TAL designing and construction and to check out off-targets
in model organisms (Li et al., 2013). TALE-TF and TALENs binding sites could be
predicted easily by using idTALE. It is also useful for genome-wide TAL binding sites
screening because there is no restriction of sequence length as in case of TALE-NT (5000
bp). It provides results for heterodimeric as well as homodimeric TALENs. It also
benefits the users with screening facility of same TALEN binding sites in other
organisms. idTALE can be accessed at [http://idtale.kaust.edu.sa].
2.5.3.6. SAPTA
Scoring Algorithm for Predicting TALEN Activity (SAPTA) is an online TALENs
designing software (Lin et al., 2014) provided by Bao lab (Laboratory for Biomedical
Engineering and Nanomedicine). SAPTA also uses NK RVD for more specificity and
targeting efficiency. Lin et al., 2014 evaluated existing TALEN design guidelines and
tested 205 TALENs quantitatively. They claimed that the existing guidelines are
inadequate and that the TALEN designed through SAPTA increased > 3-fold intracellular
monomer activity and 39% gene modification frequency.

SAPTA is the first and

foremost tool based on quantitative and experimental validation of TALEN target sites
with high cleavage activity. This method also provides high prediction. It provides a list
of TALENs for a target site with scoring and ranking. SAPTA can be accessed at
[http://baolab.bme.gatech.edu/Research/BioinformaticTools/TAL_targeter.html].
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2.5.3.7. CHOPCHOP
CHOPCHOP is provided by Montague et al., 2014. It is a latest web-based tool for
prediction of binding sites for TALEN and CRISPR/Cas9. Input could be provided as a
gene name or sequence, a TALEN or CRISPR/Cas9 target site will be determined from a
growing list of organisms. CHOPCHOP also displays restriction sites at the target locus
and it allows restricting the search to restriction sites of enzymes from a particular
company. The spacer length could be adjusted different from default (14-20 bp). Offtarget searching with number of mismatches is also facilitated with scoring. According to
assembly protocol, NH RVD at place of NN RVD for guanine can be chose, as NN is less
specific than NH (Streubel et al. 2012; Cong et al., 2012). CHOPCHOP also assimilates
primer designing with TALEN target site.

CHOPCHOP can be accessed at

[https://chopchop.rc.fas.harvard.edu/].
2.5.3.8. ZiFiT Targeter
ZiFiT (Zinc Finger Targeter) was initially developed for prediction of zinc finger
nucleases (ZFN) target sites prediction by Zinc Finger Consortium (Sander et al., 2010).
Later on it has been up dated for TALE, TALENs and CRISPR target site prediction and
designing. Now ZiFiT is providing web-based free services for ZFN, TALE, TALENs
and CRISPR designing in very efficient and user-friendly manner. ZiFiT provides target
design according to Addgene TALEN-encoding plasmid assembly. Moreover, in ZiFiT
Targeter Version 4.2, tools for designing ZF, TALEs and CRISPR proteins, nucleases and
nickases according to CoDA, OPEN, REAL, REAL-Fast and FLASH assembly of has
been provided. ZiFiT targeter can be accessed at [http://zifit.partners.org].
2.5.3.9. EENs (Engineered EndoNucleases)
Artificial/Engineered endonucleases are designed to target desirable DNA sequences with
ZFNs, TALNs, and CRISPR/Cas systems. The best frequently used EENs are TALENs
and ZFNs. EENdb (Engineered EndoNucleases database) is a and knowledge of reported
ZFNs, TALENs, and CRISPR/Cas systems targeting organism. EENs can be accessed at
[http://eendb.zfgenetics.org/].
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2.5.3.10. TALENdesigner
TALENdesigner is a web based tool which is used to find TALEN binding sites. The
TALENdesigner genome browser offers appropriate access to TALEN target sites in the
coding region of the rat, mouse, and human genome. To exemplify, 7.27 million
identified target sites are available in the mouse genome. Different sequences could be
scanned for binding and cleavage sites moreover sequences could also be predicted by
giving RVDs from the database which could be used as tailor-made. TALENdesigner can
be accessed at [http://www.talen-design.de/index_talen.html].
2.5.4. Assembly of TALEs and TALENs
2.5.4.1. Golden Gate Cloning
In this method of TALEs and TALENs assembly/construction, type IIS restriction
enzymes are used to produce several sticky ends. This is vector based method in which
multiple overhangs are created by restriction enzymes that are used for specific ligation.
This is restriction/ligation based method in which restriction and ligation are performed in
single step and single pot. It requires one week constructing TALEs and TALENs. It is
quick and specific and needs sequencing to check the correct TALE. This method has
been developed by different scientists (Morbitzer et al, 2011; Geissler et al., 2011; Li et
al., 2011Cermak et al., 2011 Weber et al., 2011;). One major limitation with the method
of Cermak et al., 2011 is the mutation in the restriction site of BsaI in the array plasmid
pFUSA. So every time when someone uses the plasmids one must have to check the
destination vector by sequencing. Sakuma et al., 2013 provided a more robust protocol
using golden gate cloning vectors of Voytas and Bogdanove (Golden Gate TALEN and
TAL Effector Kit, Addgene) along with their vector which excluded the use of destination
vectors of pFUSA, A30A and A30B. The success rate increased upto 100% compared to
10% in case of using six-module assembly instead of ten module-assemblies (Sakuma et
al., 2013). Apart from other limitations in this, a major limitation with Weber et al., 2011
was that it is limited to assemble 17 repeats of TALEs. So, it is not flexible to build
TALEs for multiple lengths of DNA bases.
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2.5.4.2. Golden Gate PCR-based assembly
This method of TALE and TALEN construction is a bit different from simple golden gate
method because it is PCR-based while the other is vector based. It is quicker than
conventional golden gate method. It needs some ready-made plasmids and primers
(Zhang et al., 2011; Sanjana et al., 2012). One basic limitation with this method is that a
fixed length (18.5) of TALEs could be produced so less flexible for multiple lengths of
TALE. Moreover, use of PCR is another prerequisite for this assembly method.
2.5.4.3. REAL/REAL-Fast
Restriction enzyme and ligation (REAL) method was developed by Joung’s laboratory
(http://www.jounglab.org/) and provided as “TAL Effector Engineering Reagents”.
Although this method of TALE assembly is very precise but is costly and time consuming
because it was based on conventional restriction and ligation. ZiFiT free online software
(http://zifit.partners.org/ZiFiT/Disclaimer.aspx) is used for designing TAL repeat array
for REAL/REAL-Fast TALE and TALEN construction method (Sander et al., 2011).
2.5.4.4. FLASH assembly
Fast ligation-based automatable solid-phase high-throughput (FLASH) method of TAL
assembly was developed by Reyon et al., 2012. It is a very robust method of TAL
assembly but it needs higher preliminary costs. It could be promising for large scale
construction of TALEs. Use of large amounts of preassembled units has decreased its
usage and applicability. This method is a bit costly compared to other methods.
Furthermore, ZiFiT software is used to design TALE repeat array for FLASH assembly.
2.5.4.5. Iterative capped assembly
This method has been developed by Church lab. It is based on iterative ligations on solidphase magnetic beads. Full length TALENs are achieved by blocking incompletely
extended chains with capping oligonucleotides. The method is PCR-based followed by
golden gate cloning. Primarily, the method was used to develop TALENs. This method
could be used to produce multiple length TALEs from 11 to 19 repeats. Along with other
advantages, this method also helpful such as incomplete ligation faults could be overcome
and further it avoids self-ligation of the monomers. It provides rapid and scalable
assembly of TALEs from individual monomers. (Briggs et al., 2012)
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2.5.4.6. Integrated Chip
This method is solid phase synthesis which uses magnetic bead-based TALE assembly. It
is very efficient method by which 100 TALEs of 16-20 repeats can be prepared just in
three days (Wang et al., 2012). It provides efficient purification of the ligation products.
It could be the most efficient and promising TALEs, TALENs and TALE-TF
(transcription factor) assembly method if along with time saving it would be cost
effective. Integrated chip method is efficient. This protocol also facilitates construction of
TALEs fused with transcription activation domain VP64 which is used for gene
activation.
2.5.4.7. Unit assembly
Unit assembly method (Huang et al. 2011) is based on using four basic single unit
modules. By using this method TALE/TALENs could be assembled in one week. DNA
fragments encoding all four units were synthesized, amplified and cloned in vectors
contain unique SpeI and NheI sites. The method is similar to BioBrick (Synthetic
Biology). Using this protocol TALE vector of 9-16 repeats could be prepared in three
rounds of restriction/ligation in one week. Although the method is simple and
comprehensive but its labor intensive and tedious as well compare to golden gate and
some other methods as it is based on unit assembly preparation and handling. If the
vectors once established, could be reused for further repeats assembly, so the preparation
of further assemblies could be more robust.
2.5.4.8. USER-based Ligation Mediated Assembly of TAL Effector (ULtiMATE)
It is a robust method in multiple length TALEs and TALENs could be produced in hours.
This is PCR-based method in which pre-assembled trimmers are used to amplify TALEs
of 17.5-mer for multiple TALE lengths more labor is required. There is also need of at
least 40 uracil primers. By using this method, a researcher can generally target 18 base
pairs of desired sequence. This is PCR-based method in which pre-assembled trimmers
are used to amplify TALEs of 17.5-mer for multiple TALE lengths more labor is
required. So, it is also not so much flexible with respect to multiple TALE lengths and
DNA targets. One of the advantages of the technology is that it uses one backbone for
half/last repeat while in other protocols there are four different backbones for four half
repeats (Geissler et al., 2011; Reyon et al., 2012; Cermak et al., 2011; Sanjana et al.,
2012). Moreover, the generation of trimmers for all 64 combinations of 3 -bp DNA has
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made this protocol more time saving. A JAVA program is also provided to reduce the
designing efforts for PCR using ULtiMATE method.
2.5.4.9. LIC assembly
This protocol of ligation independent cloning (LIC) was developed by Schmid-Burgk et
al., (2013). In this method one repeat units are used to prepare 2-mer fragments, then
further 6-mer fragments are produced in level 1 backbone which are finally used to
prepare 18-mer assembly. TALENs are assembled in mammalian expression vector. This
protocol is robust and time saving as TAL constructs of 15.5-18.5 could be produced in 23 working days. Schmid-Burgk et al., 2013 have generated 5-mer fragments library of
TALE repeats by which more than 600 TALEN genes could be produced in one day with
high efficiency and ease. Moreover, the method does not require any PCR, agarose gel
preparation or sequencing or ligation reaction which has made it suitable for mass
production of TALEN constructs.
The TALEN technology has transformed genome engineering into more robust manner
mostly due to simple and cost effective assembly of TALEs and TALENs constructs.
Cermak et al. (2015) developed a rapid, inexpensive, and user-friendly method to design
and assemble TALEN constructs based on golden gate cloning strategy. By using this
method, ready-to-use TALENs can be constructed within 5 days targeting 13–32 bp long
DNA sequences. In overall comparison, Golden gate kits could be the most useful and
effective in least resources for average labs but still there are some limitations which need
to be resolved. Firstly, golden gate cloning method needs to develop just ten array
assemblies at first cloning step which is not much efficient as and there are problems in
ten array construction. Secondly it is animal based and it needs yeast-based assay to
check out cleavage efficiency. So these issues should be eliminated to make it more
applicable.
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Table. 2.1: Commercial available Kits/Plasmids and services for TALEs and
TALEN construction
Sr.
No.
1

Company

Web link

Addgene

www.addgene.org/talen/

2
3
4

Newlife
Cellectic
Life technologies

5
6

System biosciences
Labomics

7
8

Genecopoeia
Transposagen
Biopharmaceuticals

http://www.nlbiochemex.com/genome-editing.html
www.lifetechnologies.com/TAL
https://www.thermofisher.com/pk/en/home/lifescience/genome-editing/geneart-tals.html
https://www.systembio.com/ez-tal
http://labomics.com/index.php/products/rgen-talenzfn/tale-talens.html
http://www.genecopoeia.com/product/talen-tal-effector/
http://www.transposagenbio.com/xtn

2.5.5. Successful reports

Use of engineered nucleases has proved a paradigm shift in the field of targeted genome
engineering. To date, TALENs have been successfully used to create targeted
modifications in multiple of organisms such as Arabidopsis thaliana (Cermak et al.,
2011), rice (Li et al., 2012), tobacco (Mahfouz et al., 2011), Yeast (Saccharomyces
cerevisiae) (Li et al., 2011), fungi (Arazoe et al., 2015), zebrafish (Sander et al., 2011a
Huang et al., 2011;), rats (Tesson et al., 2011), C. elegans (Cheng et al., 2013) and
humans (Miller et al., 2011). designer TALEs (dTALEs) have also been developed in
addition to custom TALENs, (Mahfouz et al., 2012; Morbitzer et al., 2010) that repress or
activate or gene expression in planta. Some of the successful reports of (Table. 2.2).
2.5.5.1. TALENs for targeted mutagenesis in plants
Different mutagenesis techniques have been used in plants to get desirable results.
Variation in plant’s genetic makeup had been used in the past for various purposes like
dwarfism, disease resistance etc.
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Table. 2.2: Examples of genetic modifications using TALEN in plants
Organism

Gene

Editing

Reference

Arabidopsis

ADH1

Gene knockout

Tobacco

EBE of Hax3

Gene knockout

Cermak et al.,
2011
Mahfouz et al.,
2011
Mahfouz and
Li, 2011
Li et al., 2012b

N. benthamiana Endogenous genes
Rice

Targeting

Rice

EBE of AvrXa7 and Gene knockout
PthXo3
OsSD1
Gene knockout

Rice

OsBADH2

Brachypodium

BdABA1

Tobacco

SurA, SurB

Barely

PAPhy_A

Brassica
oleracea
Soybean

FRIGIDA

Shan et al.,
2013
Gene knockout
Shan et al.,
2013
Gene knockout
Shan et al.,
2013
Gene knockout, insertion, Zhang et al.,
replacement
2013
Gene knockout
Wendt et al.,
2013
Gene knockout
Sun et al., 2013

FAD2-1A, FAD2-1B

Targeted Mutagenesis

Barley

PAPHY-A

Gene knockout

Wheat

MLO

Targeted mutagenesis

Rice

OsMST8, OsMST7

Targeted Mutagenesis

Rice

OsEPSPS

Targeted Mutagenesis

Maize

Glossy2 locus

Targeted Mutagenesis

Potato

Vlnv

Gene knockout

Haun et al.,
2014
Gurushidze et
al. 2014
Wang et al.,
2014
Zhang et al,
2015
Wang et al,
2015
Char et al,
2015
Clasen et al,
2015
Li et al., 2015

N. benthamiana FucT, XylT

Gene knockout

Arabidopsis

CLV3

Gene deletion

Soybean

GmPDS11, GmPDS18

Targeted Mutagenesis

Forner et al.,
2015
Du et al., 2016

Rice

OsALS

Gene Editing

Li et al., 2016

Barley (Igri)

gfp

Targeted Mutagenesis

Gurushidze
al., 2017
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Since Muller (1927) discovered that X-ray could induce mutation in Drosophila, a
number of physical (radiation) (Stadler, 1928), chemical (EMS) (Kim et al., 2006) and
biological (transposable) (Greco et al., 2001) mutagens have been used for plant
mutagenesis. Use of mutagenic agents has revolutionized the field of forward and reverse
genetics. According to FAO/IEAE reported in 2014 that from 1930 to 2014 more than
3200 mutagenic plant varietals have been released. All these mutagens create mutations at
the cost of number of off-target effects. So to get a true mutant a lot of resources and
labor is required. TALEN technology is a more robust, precise, accurate and highly
specific for site directed mutations. TALEN technology currently revolutionizes synthetic
biology because of higher sequence fidelity or less cytotoxicity compared to other DNA
binding proteins (e.g. zinc fingers). It has been reported previously that TALENs are
more mutagenic than zinc finger nucleases (Chen et al., 2013). Similar to ZFNs, TALENs
also contain, nonspecific, FokI nuclease domain which is fused to a TALE binding
domain to create double strand breaks (Christian et al., 2010; Mahfouz et al., 2011; Miller
et al., 2011; Carlson et al., 2012) (Figure. 2.6).
Double strand break (DSB) produced by an engineered nuclease could be sealed by either
NHEJ or HR-based repair pathway. Being an error prone repair pathway, NHEJ merely
ligate the broken DNA ends lead to small deletions or insertions or at the DSB, while in
case of HDR-based repair pathway the DSB is precisely reconstructed using a template as
homologous sequence (Bibikova et al., 2002; Salomon and Puchta, 1998; Rouet et al.,
1994; Puchta et al., 1993) (Figure. 2.7). By the introduction of a donor DNA as single
stranded DNA oligonucleotide (ssODN) or double stranded DNA a gene or DNA
fragment can be inserted based on homology-directed repair (HDR) mechanism (Soldner
et al., 2011; Zhang et al., 2013).
NHEJ is generally preferred in case of eukaryotic cells. However, on transferring
substantial amounts of a homologous sequence as template to the cell, the frequency of
the HR repair can be increased elegantly (Lombardo et al., 2007).

TALENs have

critically been proved to generate double strand break in plant cells at specific DNA site
(Mahfouz et al., 2011; Shan et al., 2013). TALENs have tremendously generated much
excitement and interest in the targeted genome modification owing to their ease in
designing at cheap rate using a very comprehensive “protein–DNA code” which
associates TALE repeats to single DNA bases in targeted binding site.
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Figure. 2.6: A TALEN pair with FokI dimers and TAL monomers at target DNA
sequence. (Khan et al., 2016)

Figure. 2.7: Targeted genome modifications after double strand break (DSB): Homology
dependent repair (HDR) and NHEJ. (Khan et al., 2016)
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On the basis of naturally occurring TALEs, the binding sites for TALEs are expected to
occur after every 35 bases of DNA which are more frequent than zinc fingers (Cermak et
al., 2011). But recently it has been demonstrated that some limitations with respect to
binding sites for TALEs and TALENs have been compensated by using truncated N terminal TALEs (Lamb et al., 2013), as wild N-terminal of TALEs requires thymine (T)
base at the upstream of a target site (Boch, 2009; Moscou and Bogdanove, 2009). Doyle
et al., 2013 altered specificity of TAL effectors for ‘0’ base of the targeted DNA by
substituting for tryptophan in cryptic repeat. With the pace of progress in binding affinity
and specificity investigations and research of TAL effectors it has theoretically been
claimed that every sequence of any string of DNA can be targeted using TALEs.
TALENs fused with FokI nuclease have been used mostly in animal cells, yeast, and
human pluripotent cells (Richard et al., 2014; Takada et al., 2013; Hockemeyer et al.
2011) likewise ZFNs but there are also successful reports in plants as well (Mahfouz et
al., 2011; Li et al., 2012).
Targeted mutations at specific sites have been achieved using TALENs which could be
used for gene disruption and silencing. Silencing of unwanted genes with high precision
and accuracy has been verified in different plant species (Zhang et al., 2013; Haun et al.,
2014). Furthermore, deletion of genes could also be achieved by creating two breaks on
both up and down stream sites of the desired gene. Aceto Lactate Synthase (ALS) gene of
tobacco has been targeted with up to 30% targeted mutations frequencies using TALEN
(Zhang et al., 2013). A comprehensive experimental study to check out the binding
specificity of four common RVDs of TALEs to potential target sites was reported by
Juillerat et al. (2014). It has been found that TALEN are highly target specific suggesting
their applicability as potential genome engineering tools.
TALEN technology has been extensively exploited for targeted gene mutagenesis,
particularly for suppression/inactivation of a gene, in numerous organisms, including
agriculturally important plants such as wheat, tomato rice, and barley. The prime benefit
of TALENs over rest of engineered nucleases, meganucleases and zinc finger nucleases
lies in their ease of assembly, their broad targeting range, reliability of function, and.
TALEN have been used for targeted mutations in barley. It was observed that the
mutations in the targeted promoter region of PAPhy_A gene of barley has been reported
by creating double strand breaks (Wendt et al., 2013). TALENs have been employed to
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produce heritable and stable genetic mutations at the maize glossy2 (gl2) locus (Char et
al., 2015). Transgenic plants with mono or di-allelic mutations were achieved at a
frequency of about 10% from the maize genotype Hi-II (nine mutated events out of 91
transgenic events). Same studies have been done in rice using TALEN system efficiently
(Zhang et al., 2015). Furthermore, mutations induced through TALEN were transmitted
stably to T1 and T2 populations in Mendelian fashion. Majority of mutations induced by
TALEN (~81%) affected several bases specifically deletions (70%). Additionally,
TALEN has been used recently for a single base substitution in rice OsEPSPS gene with
hoigh efficiency (Wang et al., 2014). Moreover, co-transformation of chimeric
RNA/DNA oligonucleotides (COs) with TALEN constructs were demonstrated as a good
strategy for single base substitutions. The induced mutations were also capable to pass in
transgenic generation to the next transgenic generation stably.
2.5.5.2. TALEs and TALENs for next generation disease resistance development
Undoubtedly TALEs and TALENs have been demonstrated as sophisticated tools for
gene correction, gene therapy and establishment of disease models and disease resistance
in animals and human cell lines (Ding et al., 2013; Choi et al., 2013; Ramalingam et al.,
2014; Dreyer et al., 2015). TALEs and TALEN technology have great potential for
disease resistance development in plants against bacterial, fungal and viral diseases. The
most successful report of using TALEN technology for disease resistance in plants is in
rice in which rice susceptibility gene Os11N3 for bacterial blight (also called
OsSWEET14) was targeted (Li et al., 2012). Mutation of the binding site of foreign
pathogenic proteins is a tremendous strategy which is based on basic knowledge of host
pathogen interaction and cross talk. This rice variety has been made patented in 2015
which has opened up new corridors for approval of genetic engineered plants with
TALEN technique. This approach of targeting indigenous genes for targeted mutations in
which developmental function remains undisrupted could be used in other plants for
development of resistance against biotic constraints. Disease resistance development is
very easy by using engineered proteins. In the past, Sera et al. (2005) and Takenaka et al
(2007) used artificial zinc finger proteins against begomoviruses TYLCV and BSCTV.
Moreover, Mori et al (2013) also used artificial zinc finger proteins to inhibit the biding
of TYLCV rep proteins to its replication origin.
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The strategy of targeting rep gene or rep protein binding sites to occupy or disrupt the
binding sites could be very useful. Mino et al., 2014 used zinc finger nuclease to inhibit
DNA replication in human papillomavirus (HPV) by disrupting HPV ori plasmid.
Moreover, TALENs have also been used for resistance against human immunodeficiency
virus (HIV-1) (Fadel et al., 2014 and Ye et al., 2014) and hepatitis B virus (HBV) by
replication inhibition efficiently (Bloom et al., 2013 and Chen et al., 2014). In addition to
previous reports, recently, it has been validated effectively by Cheng et al. (2015) that
artificial TALE proteins could be a platform for broad spectrum resistance against
begomoviruses.
Undoubtedly, viral diseases are the most dangerous diseases in plants because there is no
strategy to directly inhibit the virus rather vector is inhibited. The recent studies of using
TALEs for begomovirus resistance has become a milestone in the way of achieving
disease resistance through viral DNA targeting with specific DNA binding proteins and
engineered nucleases (Cheng et al., 2015). Mino et al., 2014 used zinc finger nuclease to
inhibit DNA replication in human papillomavirus (HPV) by disrupting HPV ori plasmid.
Targeting viral DNA or host factors linked with pathogenesis of viral disease for
disruption could be the possible strategies for virus suppression and disease resistance.
There is great possibility and progress in the idea of using TALENs and TALE repressors
for antiviral gene therapy as well to suppress potent viruses cause global mortality and
morbidity like HIV (Bloom et al., 2015). So far, different regions of viral genomes have
been targeted to inhibit replication and to suppress viruses. But there is a dire need to
develop a strategy to target the most conserved nonanucleotide region of viruses which
could be the most promising site for broad spectrum resistance of viruses. We are
searching for the conserved and consensus sequence of a complex of viruses which are
causal agents of cotton leaf curl disease in Pakistan. Besides we are trying to sort out
most promising possible strategies based on potential target sites and options of using
artificial proteins and/or engineered nucleases for cotton leaf curl virus suppression in
cotton.
2.5.5.3. TALEs for gene activation and repression
Acting like transcription activators in plant cells, TALEs play an important role in
virulence of the pathogen (Castiblanco et al., 2012; Marois et al., 2002). As reported a
couple of decades ago that these proteins bind specifically to a DNA sequence and make
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the host susceptible to disease resistance and the number and/or order of TALEs RVDs
have role in virulence and avirulence activities (Bodnar et al., 2013). The acid activation
domain (AAD), downstream of the nuclear localization signal (NLS), is involved in the
recruitment of the host transcriptional machinery (Saijo and Schulze-Lefert, 2008). In
host pathogen interaction, there could be secretion of activation domains, activate
susceptibility genes, or repression domains, repress vital genes important for resistance in
plants. Along with binding domains, different activation and repression domains have
also been discovered since discovery of TALEs. The effector domains, activators and/or
repressors, fused with TALEs could be used for activation or repression of a gene (UhdeStone et al., 2014; Blount et al., 2012). Among activation domains like V16, V64 (Boch,
2011; Miller et al., 2011) and repression domains like KRAB (Kruppel-associated box),
GAL4, SRDX have been discovered and used for tunable expression of genes (Cong et
al., 2012; Zhang et al., 2013; Mahfouz et al., 2012; Garg et al., 2012).
It has been successfully demonstrated that TAL effectors are versatile tools to serve as
repressors, trans-activators and trans-silencers (Werner and Gossen, 2014). Knowledge
about the host pathogen cross talk and interaction could be beneficial in using TAL
technology for gene activation and repression. Taking this view for future plant genome
engineering, gene activation and repression would be, definitely, promising for GMOs
regulatory viewpoint. TALEs along with effector domains could be tailored as remote
controls for gene expression in plants. This is a very charming approach of controlling
transcription at the most fundamental level by targeting promoters of a gene. Moreover,
TALE proteins have been recently fused with riboswitches, called RiboTALE, for tunable
control of expression level of different proteins on recognition of exogenous signals (Rai
et al., 2014). As riboswitches are RNA-based regulatory elements and they are involved
in post transcriptional regulation, so their use along with TALE proteins would be quite
beneficial for strong regulation and tunable expression.
2.5.5.4. Use of TAL technology for crop quality enhancement
TALEs and TALEN technology have been used for plant improvement in growth,
production, yield and quality. For quality enhancement, different plants species of
economic importance have been engineered with TALEs and TALENs. Previously,
transgenic cereal crops, fruits and vegetables have been developed using latest
technologies of the time such as RNAi, antisense, ribozyme etc. Today’s engineered
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nucleases technology is more precise and specific and gives heritable and higher
expression. Moreover, other technologies often result in incomplete gene silencing.
Clasen et al. (2015) used TALENs to knockout VInv gene in a commercial potato variety,
Ranger Russet. The gene was silenced by TALEN knock out system which resulted in
low levels of reducing sugars, hence prevented from sprouting and cold storage with
increased shelf life. Furthermore, Clasen et al. (2015) had also claimed that some of their
transgenic do not have TALEN DNA insertions in genome. Therefore, TALEN
technology could be used efficiently for gene suppression to increase shelf life and
sustain quality of the fruits and vegetables. Besides development of non-transgenic edible
fruits and vegetable would minimize the concerns associated with the use and approval of
GMOs.
Haun et al. (2014) mutated two genes of fatty acid desaturase (FAD2-1A and FAD2-1B)
in soybean using TALEN technology. The production of polyunsaturated fats was
decreased significantly. In addition to decrease in polyunsaturated fats, the shelf life and
oxidative stability were also improved. It is found that certain soybean lines lacked
TALEN transgene which have proved that TALEN could offer a platform for desirable
and valuable traits modification in single generation. It has been demonstrated that plants
with heritable and homozygous traits could be produced in one generation which would
not have foreign gene integration using TALEN technology (Wang et al., 2014; Zhang et
al., 2015). Scientists are using TALEN technology for targeted mutations to get
commercially valuable cereals, fruits and vegetables with desirable agronomic traits.
Recently a rice variety has been developed with altered fragrance. As fragrant rice is liked
all over the world. So, indels in betaine aldehyde dehydrogenase (BADH2) encoding gene
(OsBADH2) have been produced using TALENs which resulted in production of 2acetyl-1-pyrroline (2AP), a major fragrance compound in rice (Shan et al., 2015). These
successful recent reports have provided a potential platform for mutations in the
unwanted and undesirable genes of color, flavor or fragrance in fruits and vegetables.
Moreover, any gene of desirable flavor or fragrance could be inserted precisely using
TALEN technology. Mendelian inheritance of mutated genes and use of simple genetic
crosses to get rid of TALEN genes have made this technology a method of choice for
engineering of edible cereals, fruits and vegetables.
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2.5.5.5. TALEs and epigenome editing
The regulation of expression of epigenome can be modulated for desirable modifications.
Change in gene expression without any change in DNA sequence of a gene has been
remained a mystery for years but now the epigenetic factors have been discovered which
are responsible for activation or suppression of gene expression. It has become possible
with the help of engineered proteins to change gene expression. So far, Zinc finger
proteins, CRISPR/Cas9 and TALEs have been used specifically for epigenome editing
(Stolzenburg, 2014; Gao et al., 2014; Cho et al., 2015; Hilton et al., 2015). Presently,
TALEs and nuclease deficient Cas9 have been predominantly used for epigenome editing.
These proteins along with different effector domains like ten-eleven translocation
methylcytocine deoxygenase 1 (TET1) (Maeder et al.,2013), lysine specific demathylase
1A (LSD1) (Joung et al., 2013), methyltransferase and calcium and integrin binding
proteins have become potential epigenome editors. Meaeder et al. (2013) used zinc finger
fused with TET1 (ZF-TET1) for demethylation. TET1 is used for demethylation of
cytocine at CpG sites while LSD1 is used for demethylation of H3K4me1/2 and
deacetylation of H3K27.
Mendenhall et al. (2013) used TALE-LSD1 to modify methylation pattern of different up
stream sites. DNA methylation occurs normally on repeat regions, promoters, enhancers
and coding sequences. It also has role in gene splicing. TALE binding specificity for
epigenome editing is checked out by chromatin immunoprecipitaiton (ChIP) followed by
Sanger sequencing (Konermann et al., 2013; Maeder et al.,2013; Mendenhall et al.,
2013). Gao et al. (2014) reported comparison of TALEs and CRISPR/dCas9 for
epigenome modifications in mammalian cells. They found that TALEs being natural
transcription factors are more promising for gene activation as compare to dCas9.
Moreover, they also checked feasibility of both, TALE and dCas9, for gene activation and
repression and found promising results which further strengthen the possibility of using
designed transcription factors for epigenome erasure and remodeling. TALE kits are
available commercially by Addgene and other to develop constructs having TALEs fused
with the different epigenome modifiers like histone demethylase LSD1 for epigenome
markd editing. Precision manipulation and modulation of epigenetic marks without
alteration of DNA sequence using modular and sophisticated systems like TALEs would
be beneficial equally for plants and animals. Although, potential application of TALEs
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for targeting DNA or histone for epigenome editing has been demonstrated, research is
required for development and validation of epigenetically modified organism (EMO).
2.5.5.6. TALEs with recombinases and TALENs for gene stacking
Site-specific recombinases are very prevailing tools for genome editing. Transcription
activators like effectors have been used along with recombinases and transposases as
fusion protein. Homologous recombination is desirable in genetic transformation events.
In addition to TALENs, chimeric TALE recombinases called TALERs have been
assembled by fusing TALE binding domain with a hyperactivated catalytic domain from
the DNA invertase (Gin). TALERs with an elevated and optimized architecture
recombine DNA competently in mammalian cells and bacterial. It could be an alternative
approach of targeted genome modifications/editing. Replacing DNA binding domain
(native) of serine recombinases, hyperactivated variants of the invertase/resolvase, with
artificially engineered ZFPs to retarget predefined sequence of DNA for targeted
reconbination. After discovery of TALEs, novel type of DNA binding domains, TALEs,
being highly specific than ZFPs, can be an alternative to ZFPs. TALERs (chimeric TALE
recombinases) were first described by Mercer et al. (2012). They compared activity of
TALEs with ZFPs after fusion with hyperactivated catalytic domain from the DNA
invertase (Gin) for efficient and specific modifications in DNA. Moreover, in mammalian
cells, it was found that TALERs can easily recombine the DNA. In addition of TALERs,
meganucleases have also been used in cotton for gene stacking through targeted genome
modification based on HR pathway (D'Halluin et al., 2013). TALEN can be used for
successfully for targeted HR-mediated modifications to achieve gene stacking of
molecular traits in economically important crops. Gene stacking in crops can be more
precise and easy using genome editing tools. TALERs can also be used for the HRmediated modifications.
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2.5.5.7. Delivery of TALEs and TALENs into plants
Engineered nucleases has enabled facetious editing of eukaryotic genomic DNA in higher
organisms. Nevertheless, targeted genetic modifications in genomes of plants has been
difficult and challenging owing to unsuccessful methods of DNA delivery into plant cell.
Method of delivery of engineered nucleases is very crucial to get desirable expression and
results. Delivery of TALEs and TALENs in the form of nucleic acid, mRNA and proteins
has been made successfully in case of animals (Tong et al., 2012; Tesson et al., 2011;
Wefers et al., 2013; Chen et al., 2013; Liu et al., 2014; Jia et al., 2014). TALEN activity
largely depends on choice of delivery material, expression vector and transformation
method. Plasmids and viral vectors have traditionally been used for expression of
required proteins inside the cell. After DNA double strand breaks, the target region is
generally repaired with non-homologues end joining pathway. The repair can be
prompted in error-free manner upon provision of donor templates. Baltes et al., 2014 have
used replicons based on geminivirus for expressing sequence specific nucleases
transiently (ZFN, TALENs and CRISPR/Cas) and, in addition to the huge host range of
geminiviruses, these results support the use of replicons for plant genome engineering.
There are different advantages of using mRNA of TALEN instead of DNA. Firstly, in
certain cases, particularly pharmaceuticals, mRNA is better for regulatory viewpoint
whereas virus vectors are considered as genetically modified organisms. Secondly, use of
mRNA removes the risk of undesirable integration and mutagenesis and unwanted long
term expression because it is based on transient expression. TALEN mRNA has been
injected in animal cells and desirable results have been achieved (Davies et al., 2013; Li
et al., 2014; Mock et al., 2015). In mouse, this approach has been proved valuable and
effective to get desired mutations rapidly and efficiently. Plasmids and viral vectors have
traditionally been used for expression of required proteins inside the cell. After DNA
double strand breaks, the target region is generally repaired with non-homologues end
joining pathway. The repair can be prompted in error-free manner upon provision of
donor templates. Gallie et al. (1993) introduced mRNA into plant protoplast using PEGbased transformation. The repair can be prompted upon provision of donor templates. So,
TALEN mRNA delivery could be more attractive and fascinating for transient expression
in plants to avoid from undesirable results and to prompt regulatory processes. Moreover,
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in case of nucleases, the integration and continuous expression of nucleases may lead to
detrimental results. Different companies like TriLink BioTechnologies are providing
synthetic TALEN mRNAs for genome editing.
The direct injection of TALEN proteins into living organisms is also another avenue for
biomedical applications. Jia et al., 2014 used bacterial secretion system (type III) for
direct TALEN proteins injection into human cell lines which was found functional in
production of targeted mutations. The direct delivery of TALEN proteins may further
decrease the risks associated with TALEN mRNA like post-transcriptional and
translational constraints in expression of plasmid TALENs. Luo et al. (2015) reported
direct delivery of proteins in N. benthamiana protoplasts using PEG and claimed it as
non-transgenic genome editing approach. Direct delivery of TALEN proteins into plants
could be the most favorite approach for regulatory approval of edible crop plants.
2.5.5.8. Comparison of TALE(N)s with other engineered nucleases
TALEs and TALENs are one of the engineered nuclease like meganuclease, ZFNs and
CRISPR/Cas9. All technologies have almost same mode of action and give same results,
but these are different from one another in terms of nature, components, target specificity,
target requirements, target limitations, modularity and assembly. Along with some
limitations, TALEs and TALENs also have some advantages over other DNA targeting
systems. Firstly, TALEs are natural transcription factors, so their function and activity is
well understood and exploited accordingly. Secondly, there is no limitation of target
lengths in case of TALEs and TALENs as faced in case of ZFNs and CRISPR/Cas9.
Moreover, a very less chance of off-targeting has made TALENs more safe and sound
technology of gene targeting. In case of CRISPR/Cas9, the sgRNA can tolerate up to five
mismatches and hence gives higher frequency of off-targets (Fu et al., 2013). It has also
been reported that the perfect match of ten base of sgRNA could be sufficient for Cas9
binding to DNA (Kuscu et al., 2014). The use of dCas9 fused with FokI endonuclease
(RNA-guided FokI nuclease or RFNs) or paired nickases to reduce off-targeting have
some other complexities like requirement of PAM region, spacer length and additional
target design constraints (Ran et al., 2013; Mali et al., 2013; Tsai et al. 2014; Shen et al.,
2014). TALEs with nuclease domain are generally used in pair which is compulsory for
the dimerization and catalytic activity of FokI nuclease. Boissel et al. (2013) developed a
rare cleaving nuclease architecture, designated as megaTALs (TALEs fused with
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meganuclease) for therapeutic genome engineering to overcome the limitation of using
TALEs in pair. Moreover, the use of TALENs for Obligate ligation-gated recombination
(ObLiGaRe) has made it more attractive than CRISPR/Cas9. For NHEJ-based sitespecific gene insertion, CRISPR/Cas9 is not compatible with ObLiGaRe because it
produces blunt ends on DSBs.
The potential of TALEs as transcription activators and repressors for targeted
modifications of epigenome marks has made TALEs technology a method of choice.
Although, latest CRISPR/Cas9 is also very comprehensive and provide precise targeted
modifications but off-targeting and limitations of target site still need to be addressed.
Moreover, for epigenome editing, dCas9 is less efficient compared to TALEs (Gao et al.,
2014) which further strengthens the idea that TALE(N)s are still potential method of
choice for targeted genetic and epigenetic modifications. Recently, Cermak et al. (2015)
used CRISPR/Cas9 and TALENs for precise modifications of tomato genome and it was
found that the both, TALENs as well as CRISPR/Cas9, have similar efficiencies of gene
targeting. A comparison of the currently used engineered nucleases is given in Table 2.3.
2.5.5.9. Future perspective
Despite few limitations, TALEN technology is convenient, flexible and simple. It has a
great promise to expedite and improve genetic manipulations in variety of organisms and
cell types. The main advantage is that they can be produced rationally to bind a DNA
selected sequence, whereas in case of zinc fingers there is need to select from a library of
fingers with the desired binding properties. Although CRISPR/Cas9 is emerging as a best
tool for gene targeting because they are based on simple RNA-DNA interaction according
Watson-Crick rules but the off target activity is high as compared with TALENs. In a
Recent study, TALENs and CRISPR/dCas9 has been evaluated for off-target activity and
it is shown that TALENs have no off-target event as compare to CRISPR/dCas9 (Wang et
al., 2015). That’s why TAL technology is generally cost effective, time saving and does
guarantee binding sites for every predefined sequence.
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Table. 2.3: Comparison of TALE(N)s with other engineered nucleases
Features
Origin

ZF(N)s
Xenopus laevis

Nature

DNA binding
motifs in
Eukaryotes
DNA binding as
transcription
factors
Protein-DNA
(one to triplet)
DNA binding
domain

Function

Target binding
Components

Year of emergence
Target length
Target limitations

Modularity
Off-targeting
Size
Mode of action

Assembly
Uses

Epigenome editing
Delivery
Targeting efficiency
and success rate
Delivery via viral
vector
Delivery as RNA
molecule
Delivery as protein

TALE (N)s
Xanthomonas
(similar proteins also
reported in Ralstonia
solanacearum and
Burkholderia rhizoxinica)
Plant pathogenic protein

CRISPR/Cas9
Streptococcus
pyogenes (present in
40% bacteria and
90% archaea)

DNA binding and gene
modulation of host plant (act
like transcription factors)
Protein-DNA
(one to one)
DNA binding domain
Effector domain
(activator/repressor)
2010
~ 12-50 nt
Needs T base at 5’

Endonuclease that
cuts DNA of infecting
viruses and plasmids
RNA-DNA
(one to one)
Endonuclease
gRNA

High
Very few
Relatively big
(small in case of TALEs)
DNA binding
Expression modulation/
DSB (NHEJ/HR)
Technical but easy
Gene activation, Gene
repression,
Gene disruption, Gene
deletion,
Gene correction, Gene
addition,
Tag ligation, ObLiGaRe

High
High
Big

Less reported
DNA, mRNA
Low and variable

More reported (Natural TFs)
DNA, mRNA, Protein
High

Less reported
DNA
High

Easy

Easy

Challenging

Easy

Easy

Challenging

Easy

Easy

Challenging

2000
~ 9-36 nt
It binds to a
triplet of DNA
bases
Low
Low
Small
DNA binding
and
DSB (NHEJ/HR)
Difficult
Gene disruption,
Gene deletion,
Gene correction,
Gene addition,
Tag ligation,
ObLiGaRe
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Prokaryotic defense
protein

2012
~ 20-23 nt
Needs PAM region
(5’NGG)

DNA binding and
DSB (NHEJ/HR)
Easy
Gene disruption,
Gene deletion,
Gene correction,
Gene addition,

Functional domain engineering of TALEs as epigenome editors and TALERs has opened
up new corridors in the field of genetic engineering. Gene stacking and clean gene could
be achieved precisely using of TALEs and Targeted genome engineering with engineered
nucleases has revolutionized the course of gene engineering but still there is need to
address some issues to get more precise and desirable results. The choice of vector,
explant, transformation protocol, regeneration and tissue culture techniques are needed to
be optimized. One limitation with TALEN is the use of a pair of TALEs which is
necessary for dimerization of FokI nuclease. Scientists are working on this but still there
is less understanding and usage. Recently it is reviewed by different authorities like
USDA that some precise modifications, especially NHEJ- induced, produced by
engineered nucleases in different organisms do not fall under GMO category. So, the
plants carrying these mutations will not be regulated (Waltz et al., 2012). This is an
encouraging notion for biotechnologists working in this field. Luo et al., 2015 has
demonstrated direct protein delivery to plants for targeted mutagenesis. They have shown
that it is possible in case of plants and further they claimed that the plants would be nontransgenic. It has been suggested by different scientists for better adaptation of modified
crops that the precise modifications in genomes of living organisms should fall under new
category other than GMO. Moreover, the concerns associated with the integration of
foreign DNA fragment and regulation of GMOs could be addressed. Scientists are
hopeful that the future of targeted genome engineering is bright and positive and will give
solutions to the prevailing problems we are facing with.
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Chapter 3

MATERIALS AND METHODS
3.1. Preparation of Chemically Competent Cells of E. coli
Chemically competent cells of E. coli were chemically prepared using the protocol given
by Green and Sambrook (2012). Major requirements and steps are as under;
Reagents and Material
 Potassium Acetate
 Calcium Chloride
 Manganese Chloride
 Rubidium Chloride
 Glycerol
 MOPS/PIPES
 Potassium Hydroxide
TFB1 (250ml)
 10 mM CaCl2
 50 mM MnCl2
 100 mM RbCl
 30 mM potassium acetate
 15% glycerol
After adjusting pH to 5.8 using acetic acid of 1M (glacial acetic acid ~17.4N), the
solution was filter-sterilized by 0.2 m filter and stored at 4oC.
TFB2 (100ml)
 75 mM CaCl2
 10 mM RbCl
 10 mM MOPS or PIPES
 15% glycerol
After adjusting pH to 6.5 using 1M KOH, solution was further filter sterilized by 0.2 m
filter.
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Steps
 Single colony of Top10 strain of E. coli was inoculated in LB medium 2.5 ml in
falcon tube and was incubated for overnight shaking at 37°C at 220 rpm.
 The overnight grown culture was taken to inoculate LB medium 250 ml. Cells were
allowed to grow in a 1L flask for 3 hours or until the OD 600 reached 0.4–0.6.
 centrifugation was done for 5 minutes at 5000 rpm at 4°C.
 After that discarded supernatant.
 re-suspended cells were gently mixed in 0.4 volume of ice cold TFB1.
 Re-suspended cell suspension was incubated for 5 minutes on ice.
 centrifugation was done for 5 minutes at 5000 at 4°C to collect cells.
 After that discarded supernatant.
 re-suspended cells were gently mixed in 0.4 volume of ice cold TFB2.
 Cell suspension culture was further incubated on ice for 30 minutes and then
aliquoted into pre-chilled tubes.
 Tubes were quickly frozen by dipping in liquid Nitrogen and then store at -80°C.

3.2. Preparation of Chemically Competent Agrobacterium tumefaciens
Cells
Reagents and Material
 Luria-Bertani broth (LB): 10 g/L sodium chloride, 10 g/L tryptone, 5 g/L yeast
extract,
 Calcium chloride 20 mM
 Liquid nitrogen
Procedure
 Agrobacterium tumefaciens strain was streaked on LB plate with respective selection
antibiotic and allowed to grow for 48 hours at 28 ºC.
 Total 5 ml LB media was prepared to inoculate with single colony from the plate.
Cultures were incubated for overnight on a rotating shaker at 28 ºC.
 50 ml LB media was prepared in a 100 ml flask and 500 ul of 1:100 dilution culture
was added. Culture was incubated for overnight at 28 ºC on a rotating shaker.
 Overnight grown culture was incubated for 30 min on ice.
 Total 45 mL chilled culture were added into a Falcon centrifuge tube (pre-chilled) and
was centrifuged further for 10 min at 4000 rpm at 4 ºC.
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 The supernatant was discarded and the remaining cell pellet was further gently resuspended in 5.0 ml ice cold 20 mM calcium chloride solution on ice.
 Cells were re-collected by further centrifugation for 5 min at 4,000 rpm at 4 ºC.
 The supernatant was discarded as usual and the pellet was gently re-suspended in 1.0
mL ice cold 20 mM calcium chloride.
 100 ul cells were poured into pre-chilled 1.5 ml microcentrifuge tubes and were
freezed in liquid N2 and stored at -80ºC.

3.3. Bacterial Transformation
The transformation in bacteria was performed according to the protocol of Green and
Sambrook (2012). Major steps are given below;
 An aliquot of 100ul of competent cells was taken from -80oC and thawed for 10
minutes on ice.
 Total 10 μl plasmid was mixed in 100 μl cells aliquot and were kept on ice for 30
minutes.
 The heat shock was given on dry bath at 42 0C for 90 seconds.
 Cells were kept on ice further for an additional 2 minutes.
 Total 1 ml LB was added in the mixture.
 The culture was incubated at 37 0C in a shaker for 1 hour.
 Supernatant was removed after collecting cells by centrifugation at 13500 rpm.
 Further, pellet was dissolved in 100 μl residual supernatant and spread on the
selection LB agar plate.

3.4. Plasmid Isolation
Standard alkaline lysis with SDS procedure was used to isolate plasmid DNA overnight
grown culture using (Green and Sambrook, 2012).
3.4.1. Miniprep
Reagents and Material
 Absolute Ethanol
 Glucose
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 Tris-Cl
 EDTA
 NaOH
 SDS
 CH3CO2 K
 Glacial acetic acid
Solution I (Re-Suspension Solution)
 25mM Tris-Cl (pH 8)
 50mM Glucose
 10mM EDTA (pH 8)
100ml batches were made, sterilized and stored at 4°C.
Solution II (Lysis Solution)
 SDS 1% (w/v)
 NaOH 0.2 N
Solution III (Neutralization Solution)
 Glacial Acetic Acid 11.5 ml
 5M Potassium acetate 60 ml
 Water 28.5 ml
Solution was stored at 4°C and transferred to ice box just before use.
Steps
 Total 3ml liquid LB medium with required antibiotic was inoculated with single
colony of E. coli cells and was grown overnight at 37 0C.
 The culture of E. coli was spun for 30 sec. at 13500 rpm in 1.5 ml micro centrifuge
tube
 The pellet was dried for 2 minutes at room temp after discarding the supernatant.
 100 μl solution I (Re-suspension solution) was poured into micro centrifuge tube to
re-suspended the pellet with the help of a vortexer in the solution.
 150 μl solution II (Lysis solution) was poured to a micro centrifuge tube and mixed
gently by inverting.
 200 μl of solution III (Neutralizing solution) was poured to a micro centrifuge tube
and mixed well and was centrifuged for 5 minutes at 13500 rpm.
 Fresh micro centrifuge tube was used to take the supernatant with two volumes of
absolute ethanol.
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 Microcentrifuge tube was kept for 30 minutes at -20 0C and was further centrifuged
for 5 minutes at 13500 rpm.
 Further, 70% ethanol was added to wash the pellet.
 After centrifugation, pellet was dried following removal of supernatant.
 20 μl of ddH2O containing RNaseA was added to dissolve the DNA in the pellet and
was further stored at -20 0C.
3.4.2. Maxiprep
Plasmid was isolated at large scale using standard Maxiprep protocol (Green and
Sambrook, 2012).
Reagents and Material
 Absolute Ethanol
 Glucose
 Tris-Cl
 EDTA
 NaOH
 SDS
 CH3CO2 K
 Glacial acetic acid
 Ethanol and Isopropanol
 Lysozyme stock (10mg/ml)
Solution I (Re-Suspension Solution)
 Glucose 50mM
 Tris-Cl (pH 8) 25mM
 EDTA (pH 8) 10mM
Make 100ml batches, autoclave and stored at 4°C.
Solution II (Lysis Solution)
 NaOH 0.2 N
 SDS 1% (w/v)
Solution III (Neutralization Solution)
 5M Potassium acetate 60 ml
 Glacial Acetic Acid 11.5 ml
 Water 28.5 ml
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Store at 4°C and transfer to ice box just before use.
STE
 10mM Tris-Cl (pH 8)
 0.1 M Nacl
 1mM EDTA (pH 8)
Final pH was adjusted 8.0.
Steps
 A single E. coli colony was picked from LB plate and inoculated in 30ml of the media
with appropriate antibiotic and allowed to grow overnight at 37 0C.
 25 ml of primary culture was added in a fresh 500 ml LB culture with respective
antibiotics and allowed to grow for 3 hours at 37 0C at 300 rpm.
 The bacterial culture was further incubated at 37 0C for 12 hours.
 Total 1.5 ml of the bacterial culture was taken in micro centrifuge tube and harvested
15min at 4750 rpm at 4°C.
 The pellet was further re-suspended in 200ml of ice cold STE and bacterial cells were
further collected by centrifugation and stored at -20°C.
 The plasmid DNA was isolated from the 1.5 ml culture (in step 1) using Miniprep
protocol. DNA was run on gel to verify the plasmid size.
 Stored bacterial pellet was further allowed to thaw at room temp. for 10 minutes.
 18 ml ice cold Solution I was added in bacterial pellet and cells were re-suspend using
vortex.
 Total 2ml freshly prepared lysozyme was mixed in re-suspended solution.
 40ml Solution II was added and the Falcon tube was inverted gently, without
vortexing, stored 5 minutes at room temperature.
 20ml Solution III (ice cold) was added and Falcon tube was inverted several times,
stored on ice for 10 minutes.
 The solution was further centrifuged at 12000 rpm for 30 minutes at 4°C.
 Total 0.6 volume of isopropanol was poured and vortex it, stand the falcon tube for 10
minutes at room temp.
 Plasmid DNA was precipitated by centrifugation at 12000 rpm at room temperature
for 15 min.
 70% ethanol was used to wash DNA pellet.
 The pellet was air dried.
 The pellet was re-suspended in 3ml of TE buffer with RNase A.
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 DNA was stored at -20°C.

3.5. Phenol-Chloroform Extraction and DNA Precipitation
Steps
 Sterile water was added in DNA solution to make volume up to 500 µl.
 An equal volume of phenol: chloroform was added to the solution and mixed well.
 The microfuge tube was centrifuged for 5 min at 13500 rpm.
 Supernatant was taken carefully in a fresh tube.
 1/10th volume of 3M sodium acetate of pH 5.2 and 2.5 volume of absolute ethanol was
added.
 Solution was stored at -20oC for 30 min.
 Centrifuge the solution for 10 min at 13500 rpm.
 The supernatant was removed.
 DNA pellet was further washed with 70% ethanol.
 The pellet was further dried and dissolved in 20µl dH2O.

3.6. Colony PCR
Owing to the hot start enzyme nature, all the reactions can easily be conducted at room
temperature on the bench and can be moved to a thermocycler. For releasing inhibitor
from enzyme there is no need to conduct separate steps.
Component

25 ul reaction

Final Concentration

10X Standard Taq Reaction Buffer

2.5 µl

1X

10 µM Forward Primer

0.5 µl

0.2 μM (0.05–1 μM)

10 µM Reverse Primer

0.5 µl

0.2 μM (0.05–1 μM)

10 mM dNTPs

0.5 µl

200 µM

Hot Start Taq DNA Polymerase

0.125 µl

1.25 U/50 µl PCR

Template DNA

variable

PCR tubes were transferred to a PCR machine for amplification.
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PCR conditions for a routine PCR:
Step
First denaturation

30 Cycles

Final Extension
Hold

Temp

Time

95°C
95°C
50-68°C
72°C
72°C
4-12°C

30 seconds

30 sec
30-45 sec
1 min/kb
5 min
Ꚙ

3.7. Agarose Gel Electrophoresis
Reagents and Materials
 Agarose
 Ethidium bromide
 1x TAE Buffer
 6X Sample Loading Buffer
 1Kb standard DNA ladder
 Electrophoresis apparatus
1x TAE Buffer
 Tris Base 4.84 g
 0.5M EDTA (pH 8.0) 2 ml
 Glacial Acetic Acid 1.14 ml
 It was brought up to 1L total volume with water
Preparing the Agarose Gel
 Agarose (0.5 g) was measured and added to a flask of 250 ml.
 Total 50 ml 1xTAE buffer was poured into the flask.
 Agarose was melted in a microwave to make a gel until the solution became clear.
 Mixture was cooled up to 50-55°C and flask was whirled sometimes to cool evenly.
 Both ends of the casting tray were sealed with two layers of tape.
 The combs were positioned in the casting tray.
 Finely melted agarose mixture was poured into the casting tray and let to solidify.
 Then the combs were carefully pulled out and were removed.
 The gel was put down in the electrophoresis chamber.
 1x TAE buffer was poured up to about 2-3 mm over the gel.
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Loading of the Gel
 4 l of 6X sample loading buffer was mixed into each 20 l digestion reaction.
 Samples were loaded on gel and recorded in the notebook.
Running the Gel
 After placing the lid on the gel box the electrodes were connected.
 After that the power supply was turned on to 80 volts.
 Power was run until the dye reached at the end of the gel.
 After disconnecting the power supply, the lid of the electrophoresis chamber was
removed.
 Gel tray was removed from chamber and the picture was taken by placing the gel in
gel documentation machine (Bio-Rad ChemiDoc XRS).

3.8. Agarose Gel Extraction
All centrifugations were performed at room temperature.

Steps
 Agarose gel containing the required DNA fragments were removed using a sharp
clean blade by minimizing the surrounding agarose.
 Gel slices were weighed and almost an equal volume of binding buffer was added.
 The microfuge tube was kept at 50 ºC for 10 min, and was mixed after every 3 min to
ensure that all gel slices were dissolved.
 The mixture was added into the spin column and the mixture was spun in a centrifuge
machine at 13500 rpm for 1 min and the flow through was thrown away.
 800 ml mixture was added per column.
 Spin column was then positioned back into the 2 ml wash tube. Total 700 μl wash
buffer was added to the column and centrifuged at 13500 rpm for 1 min.
 The flow through from the column was discarded and centrifuged further for 1 min to
remove the residual wash buffer.
 The spin column was placed into a new 1.5 ml tube and 20 μl of water was pipetted to
the center of the spin column directly. It was centrifuged at 13500 rpm for 2 min after
incubating for 2 min at room temperature.
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3.9. Agrobacterium tumefaciens Transformation
Reagents and Material
 Luria-Bertani broth (LB): 5 g/L yeast extract 10 g/L tryptone, 10 g/L sodium chloride,
 Kanamycin
 Calcium chloride
Steps
 Single colony of GV3101 (Agrobacterium tumefaciens) strain was picked and
inoculated into 3 ml of LB in a 15 ml Falcon tube. The culture was incubated at 28°C
for overnight. The appropriate antibiotic was added for selection (gentamycin,
rifampicin for GV3101).
 Total 50 ml of broth LB was inoculated with 0.5 ml (1/100 volume) overnight culture
grown in a 250 ml flask of the and grown at 28°C until mid-log phase (OD600 is
between 0.5 and 1.0).
 The culture was chilled on ice for 5-10 min., centrifuged in sterile, pre-chilled,
centrifuge tubes at 3000 rpm for 5 min at 4°C.
 The supernatant was castoff and drained by inverting for 40-60 seconds, and the pellet
was re-suspended in 1 ml of 20 mM ice cold CaCl2 .
 Total 0.1 ml of bacterial suspension was dispensed into each of pre-chilled 1.5 ml
microfuge tubes kept on ice. One tube was used as control.
 1 µg plasmid DNA was added to one tube (but not in control) and was mixed by
tapping with index finger. The tubes were frozen in liquid N2, and then thawed for 5
min. at 37°C.
 Total 1 ml of LB was added to each tube, transferred content to a 15 ml falcon tube
and incubated for 2 hours at 30°C.
 Contents were poured into a 1.5 ml micro centrifuge tube and spun for 5 minutes at
~4K rpm to pellet cells. The supernatant was removed and pellet was re-suspended in
100 ul of LB.
 All the culture was spread on appropriate antibiotic-LB plates and were incubated for
two days at 28°C. The transformed colonies were visible on the second day of
incubation.
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3.10. Preparation of Protoplasts for PEG-mediated Transformation
Reagents and Material


Absolute Ethanol



Sodium Hypochlorite



1/2 MS medium: MS salt (2.2 g/L), sucrose (3%/L), plant agar (12g)



0.6 M mannitol



Enzyme solution: 0.75% Macerozyme R-10, 1.5% Cellulase RS, 0.6 M mannitol, 10
mM MES at pH 5.7, 10 mM CaCl2 and 0.1% BSA.



W5 solution: 125 mM CaCl2 , 154 mM NaCl, 5 mM KCl and 2 mM MES at pH 5.7.



MMG Solution: 15 mM MgCl2, 0.4 M mannitol and 4 mM MES at pH 5.7.



40 μm Nylon Meshes

To check TALE expression in plants, TALE protein fused with gfp (green fluorescent
protein) was expressed in N. benthamiana protoplast. Protoplasts were extrated from N.
benthamiana seedlings which were grown in 1/2 MS medium 7-10 days. Chopped leaves
of N. benthamiana seedlings were transferred immediately to 0.6 M mannitol and was
kept in the dark for 10 min. Mannitol was discarded and chopped leaves were further
incubated in the enzyme solution having (1.5% Cellulase RS, 0.6 M mannitol, 0.75%
Macerozyme R-10, 10 mM MES at pH 5.7, 10 mM CaCl 2, and 0.1% BSA) for 5-6 h with
60-80 rpm shaking in the dark. After enzyme digestion, almost an equal volume of
solution W5 (5 mM KCl, 154 mM NaCl, 2 mM MES at pH 5.7 and 125 mM CaCl2) was
added, following vigorous shaking with hands for 10 sec. The protoplasts mixture was
obtained by filteration through nylon meshes (40 μm) into the round bottom tubes with 46 times washing of the strips with W5 solution. The pelleting was done by centrifugation
using swinging bucket for 3 min at 1,500 rpm. Finally, after 4-6 times washing with W5
solution, the pellet was re-suspended in MMG solution contains (15 mM MgCl2, 0.4 M
mannitol and 4 mM MES at pH 5.7) at a normal concentration of 2 × 106 cells/ml.
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3.11. PEG-mediated Transformation into Protoplasts
Reagents and Material
 W1 Solution: 20 mM KCl, 0.5 M mannitol, and 4 mM MES at pH 5.7 ()
 PEG Solution: 40% (w/v) PEG 4000; Fluka, 0.2 M mannitol and 0.1 M CaCl2
Transfections made through PEG-mediated method was accomplished as described by
Yoo et al. (2007). Plasmid DNA (5-10 μg) was mixed for each sample with 100 μL
protoplasts. The total conc. of plasmid DNA was from 10 μg to 15 μg for co-expression
assays. A volume of 110 μl of freshly prepared PEG solution (0.1 M CaCl2, 40% (w/v)
PEG 4000; Fluka, and 0.2 M mannitol) was added into protoplast 82 plasmid mixture and
the mixture was further incubated at 250C for 15 min in the dark. Afterwards, W5
solution (440 μL) was further added to the mixture slowly. The tubes were inverted
gently to mix the solution well. Protoplasts were collected by centrifugation at 1500 rpm
speed for 3 min. About 1 mL of WI solution consisting (0.5 M mannitol, 20 mM KCl and
4 mM MES at pH 5.7) was used to re-suspended the protoplasts. Lastly, the protoplasts
mixture was transferred and cultured into a multi well plates under light/dark for 6-16 h at
room temperature. Expression of gfp in transfected cells was observed under OLYMPUS
SZX18 fluorescent microscope.
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3.12. Retrieved Sequences of Cotton Leaf Curl Viruses
Major viruses which infect cotton are cotton leaf curl Multan virus (CLCuMV), cotton
leaf curl Burewala virus (CLCuBV), cotton leaf curl Rajasthan virus (CLCuRV), cotton
leaf curl Kokhran virus (CLCuKV) and cotton leaf curl Alabad virus (CLCuAV). We
retrieved DNA sequences of these viruses from NCBI. These sequences were used further
for in silico analysis.

3.13. Alignment of Sequences of Selected Cotton Leaf Curl Virus
The retrieved sequences were analyzed further to find out a consensus sequence for broad
spectrum target studies and resistance. For this purpose, multiple alignment tool,
CLUSTALW, was used.

3.14. Selection of TALEs and TALEN Targets
The aligned consensus sequences were subjected to online available software’s for
selection of potential TALE and TALEN target sites in the consensus sequences. TAL
Effector Nucleotide Targeter 2.0 was used to find out potential target sites for TALEs and
TALENs (Doyle et al., 2012).

3.15. Construction of TALEs and TALEN Constructs
A very comprehensive and cost effective Golden Gate protocol (Figure. 3.1) of Cermak et
al. (2011) was used to construct TALEs and TALEN vectors. We used RVD plasmids
and array vectors available from Addgene for academic purposes. HD, NN, NG and NI
RVDs were used to target C, G, T and A DNA bases respectively.
Reagents
 Set of 86 library vectors
 BsaI restriction endonuclease (NEB)
 T 4 DNA ligase
 T4 DNA ligase buffer
 Esp3I restriction endonuclease (Fermentas)
 10mM ATP
 Plasmid-Safe nuclease (Epicentre Biotechnologies)
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 LB broth media
 Chemically competent cells
 X-gal/IPTG (20mg/ml and 0.1M respectively)
 LB plates with Ampicillin (50mg/l), Spectinomycin (50mg/l) and Tetracycline
(10mg/l)
 Miniprep kit (Thermo Scientific)

Table 3.1: List of primers used for screening/sequencing of positive clones
Sr. No.

Primer

Sequence

1

pCR8_F1

ttgatgcctggcagttccct

2

pCR8_R1

cgaaccgaacaggcttatgt

3

TAL_F1

ttggcgtcggcaaacagtgg

4

TAL_R2

ggcgacgaggtggtcgttgg

5

TAL_Seq_5-1

catcgcgcaatgcactgac

6

TAL_R3

ggctcagctgggccacaatg

7

ZY001F

ataaggatcacgatggcgacta

8

ZY001R

gtgcttattgcgggtctggt

9

ZY002F

ccccaagaagaagaggaaggt

10

ZY002R

cgtaatcaataggagatccgacag

11

ZY128

caacgccgtgattatgtgctga

12

ZY111-5T

aggagccattttatcgtca

13

ZY111-3T

ccttagaggaagtgagacgga

14

TALE-F1

ggaagatctaactcgagaaagata

15

TALE-R1

gaagatcttcactagctgggatctagatat

78

3.16. Construction of Left TALEN
3.16.1. Golden Gate Reaction #1
Golden Gate Reaction #1 was performed as mentioned by Cermak et al. (2011) using
above mentioned reagents. The detail of the complete reaction is given below.
3.16.1.1. Assembly of ten mers
Following TAL RVDs were picked along with destination vector pFUS_A
pNN+pHD+pNI+pNI+pHD+pNG+pHD+pNG+pHD+pHD for assembly of ten RVDs.
Complete reaction is given in the table below;
Reagents
RVDs
pFUSA
BsaI restriction enzyme
T4 DNA ligase
10x T4 DNA ligase buffer
ddH 2O
Total volume

Volume
10 ul (150ng each)
1 ul (150ng)
1 ul
1 ul
2 ul
5 ul
20 ul

The GG#1 reaction was conducted in a thermocycler using following cycles.
PCR program: 10X (370/5min + 100C/10min + 500C/5min + 800C/5min)
3.16.1.2. Plasmid safe nuclease treatment
Reagents and Material
 1µl 10mM ATP
 1µl Plasmid-Safe nuclease
 LB agar selection plates: (Spectinomycin 50 mg/mL, X-gal 40µL of 20 mg/mL and
IPTG 40µL of 0.1M)
 Chemically Competent Cells
Treatment with plasmid safe nuclease destroys incompletely ligated plasmid or backbone.
Thus it increases efficiency of cloning by giving true cones after transformation. There
are chances of recombination due to the homology in the backbone of RVDs.
These reagents were added to GG#1 reactions:
 Addition of 1µl 10mM ATP.
 Addition of 1µl Plasmid-Safe nuclease and mixed well.
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 Incubatuion at 37˚C for 1h.
3.16.1.3. Transformation
Chemically competent E. coli (DH5α) cells were used to transform with 5ul of GG#1
reaction. The transformation was done as described in section 3.2 and 100 ul of the
transformant was spread on LB agar selection plates.
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Figure. 3.1: TALE and TALEN Golden Gate Cloning Strategy (Cermak et al., 2011)
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3.16.1.4. Colony PCR
For colony PCR, all white colonies were picked from transformed LB plate and mixed in
a PCR mix. PCR was run using specific primers (pCR8-F1; pCR8-R1). The primers for
colony PCR are similar for pFUSA and all vectors of pFUSB). One colony was mixed in
each 20 ul reaction. The PCR was performed as given in section 3.6. Annealing
temperature was adjusted at 55 oC with 1.45 min extension time.
3.16.1.5. Digestion of plasmid DNA
Restriction enzyme digestion was used to confirm true clones after colony PCR.
Restriction enzymes XbaI and AflII were used to cut the array of ligated RVDs (same for
all destination vectors). Afragement of 1048 bp for pFUSA vectors was expected for
positive clones.
Complete reaction composition in given table below:

Reagents
ddH 2O
10x buffer
AflII restriction enzyme
XbaI restriction enzyme
Plasmid DNA
Total volume

Volume
14 ul
2 ul
1 ul
1 ul
2 ul
20 ul

Digestion of plasmid preparations and PCR products was achieved using restriction
endonucleases and their matching buffers according to the manufacturer’s instructions
(Fermentas/New England Biolab) guidelines.
3.16.1.6. Gel Electrophoresis
All PCR products were separated using 1% agarose gel to check out their correct size.
Agarose gel was prepared and run as given in section 3.7.
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3.16.1.7. Sequencing of positive clones and BLASTx alignment
The positive clones were sent for sequencing with primers; pCR8-F1 and pCR8-R1. The
results of sequencing were subjected to BLASTx alignment to confirm the ligation of the
RVDs in desired orientation.
3.16.1.8. Preparation of glycerol stocks
For preservation of confirmed bacterial clones, glycerol stocks were made in 1.5 ml tubes
containing 300μl filter sterilized glycerol, 700μl of cell culture was mixed and tubes
stored at -80oC. For bacterial cultures recovery from glycerol stocks, culture was streaked
in a small amount with the help of a sterile loop on respective LB plates in solid growth
media with appropriate antibiotics and was incubated at suitable temperatures.
3.16.2. Golden Gate Reaction #2
Following

RVDs

were

picked

according

to

target

pHD+pHD+pHD+pNN+pNN+pNG+pNI+pNG+pNI+pNG along with destination vector
pFUSB9. Compete reaction is given below:
Reagents
RVDs
pFUSB4
BsaI restriction enzyme
T4 DNA ligase
10x T4 DNA ligase buffer
ddH 2O
Total volume

Volume
4 ul (150ng each)
1 ul (150ng)
1 ul
1 ul
2 ul
11 ul
20 ul

The reaction was conducted in athermocycler with following cycles:
PCR program: 10X (370/5min + 100C/10min + 500C/5min + 800C/5min)
The remaining steps such as plasmid safe nuclease treatment, transformation, colony
PCR, digestion of plasmid DNA, gel electrophoresis, sequencing of positive clones and
BLASTx alignment and preparation of glycerol stocks were the same as mentioned above
in section 3.15.1.
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3.16.3. Golden Gate Reaction # 3
Golden Gate Reaction # 3 was performed to assemble complete TALE protein with FokI
fusion. Clones of ten RVDs, in pFUSA, and remaining RVDs, in pFUSB, were ligated in
destination vector pZHY500.
Reaction composition:
 pFUSA and pFUSB (150 ng each)
 pLR-HD (150 ng)
 pZHY500 (75 ng)
 Esp3I restriction enzyme (I µl)
 T4 DNA Ligase (I µl)
 10X T4 DNA ligase buffer (2 µl)
 Buffer for the Esp3I enzyme
 H2O up to 20µl
PCR program: 10X (370C/5min + 160C/10min) + 370C/15min + 800C/5min
3.16.3.1. Transformation
Chemically competent E. coli cells were transformed with 5µl of GG#1 reaction. At this
stage, there was no need to use plasmid safe nuclease, because, no homology was present
in the inserted repeats and destination vector. Transformations were spread on Amp 50
plates with X-gal and IPTG.
3.16.3.2. Colony PCR
Colony PCR was run as mentioned in section 3.6 using TAL_F1 and TAL_R2. The
annealing temperature was adjusted 55 oC with extension of 3 mins.
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3.16.3.3. Gel electrophoresis
Agarose gel was prepared and run using the protocol given in section 3.7.
3.16.3.4. Digestion of plasmid DNA
Restriction enzyme StuI and restriction enzyme AatII were used to digest the final array
of RVDs. Digestion was conducted using standard procedures given in section Reaction
mixture were resolved on 1% agarose gel.

3.17. Construction of Right TALEN
3.17.1. Golden Gate Reaction #1: Assembly of ten mers
Following TAL RVDs were pick from along with destination vector pFUS-A to assemble
10 RVDs: pNG+pNI+pNG+pNN+pHD+pHD+pNI+pNG+pNG+pNG
Reagents
RVDs
pFUSA
BsaI restriction enzyme
T4 DNA ligase
10x T4 DNA ligase buffer
ddH 2O
Total volume

Volume
10 µl (150ng each)
1 µl (150ng
1 µl
1 µl
2 µl
5 µl
20 µl

The GG#1 reaction was conducted in thermocycler with following cycles.
PCR program: 10x (370C/5min + 160C/10min) + 500C/5min + 800C/5min.
The remaining steps such as plasmid safe nuclease treatment, transformation, colony
PCR, digestion of plasmid DNA, gel electrophoresis, sequencing of positive clones and
BLASTx alignment and preparation of glycerol stocks were same as mentioned above in
section 3.17.1.
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3.17.2. Golden gate reaction#2
Following TAL RVDs were picked along with destination vector pFUSB9 to assemble
remaining RVDs: pNG+pNG+pNN+pNG+pNN+pNI+pNG+pHD+pNI.
Compete reaction is given below:
Reagents

Volume

RVDs

4 ul (150ng each)

pFUSB6

1 ul (150ng)

BsaI restriction enzyme

1 ul

T4 DNA ligase

1 ul

10x T4 DNA ligase buffer

2 ul

ddH 2O

11 ul

Total volume

20 ul

The GG#2 reaction was conducted in thermocycler using the following cycles.
PCR program: 10x (370C/5min + 160C/10min) + 500C/5min + 800C/5min.
The remaining steps such as plasmid safe nuclease treatment, transformation, colony
PCR, digestion of plasmid DNA, gel electrophoresis, sequencing of positive clones and
BLASTx alignment and preparation of glycerol stocks were same as mentioned above in
section 3.17.1.
3.17.3. Golden Gate Reaction#3
Golden Gate Reaction#3 was conducted same as described in section 3.17.3.
3.18. Cloning in plant expression vector
The TALEs and TALENs were further cloned in plant expression vector for
transformation into plants. For this purpose, full TALEs were digested from pZHY500
and pZHY501 using BamHI and XbaI restriction enzymes. These fragments were cloned
in pZHY013 into BamHI/XbaI and NheI/BglII respectively. Colony PCR was done using
ZY001F, ZY001R, and ZY002R, ZY128 for Left and Right TALEN respectively.
TALEN pair was finally cloned in gateway compatible plant expression vector
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pGW(2x35S) for transformation in N. benthamiana and sequenced with ZY111-5T and
ZY111-3T for confirmation of right and left border respectively. The whole cloning
strategy is provided in Figure. 3.2. For TALEI cloning, the TALE was amplified using
TALE-F1 and TALE-R1 primers and ligated in pCAMBIA 1301.

Figure. 3.2: Cloning strategy of TALEN construction up to plant expression vector

3.19. Plant Growth Conditions
Seeds of N. benthamiana were grown in standard germination soil filled in plastic pots at
25°C with photoperiod 8 h dark and 16 h light with appropriate light intensity. Seedlings
were transferred to another plastic pot after 8 days to pots containing potting soil (one
seedling per pot) and kept at 25°C with 8 h dark and 16 h light photoperiod (about 150
μmol m-2 s-1). Three weeks after transplantation, the plants attaining optimum
developmental stage were used for agroinfiltration. On this stage, the plant has 4-5 fully
established true leaves and no visible flower buds.

87

3.20. Agro-infiltration
Reagents and Materials
 MgCl2
 MES
 Acetosyringone
Infiltration Medium (20 ml)
 MgCl2 10 mM
 MES 10 mM
 100 ul Acetosyringone
The pH was adjusted to 5.6 and autoclaved.
Agrobacterium tumefaciens Culture and Infiltration
 Total 5 ml bacterial culture was grown overnight in 50 ml tube.
 Culture was centrifuged on 5000 rpm for 10 minutes.
 Bacterial cells were re-suspended in 1 ml infiltration medium.
 Then, bacterial suspension was transferred to 15 ml sterile falcon tube.
 The induction medium was added to make final volume of 10 ml.
 Supplement antibiotics were added.
 100 µM acetosyringone was added.
 Bacterial cultures were grown at 28°C for 4-6 hours.
 Bacterial cell cultures were collected by centrifugation for 5 minutes at 5000 rpm.
 Bacterial culture pellet was re-suspended in infiltration medium (OD. 0.2-0.6).
 A very delicate hole was created with syringe on the bottom side of the leaf. Then
without syringe, bacterial solution was injected into leaves using syringe without
needle.

3.21. Plant Genomic DNA Extraction using the CTAB Method
 Liquid Nitrogen
 Microfuge
 Microfuge tubes
 Mortar and Pestle
 CTAB buffer
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 Microfuge tubes
 Chloroform: Iso Amyl Alcohol (24:1)
 Absolute Ethanol (ice cold)
 3M Ammonium Acetate (55 oC water bath)
 70% Ethanol (ice cold)
 Water (sterile)
 1x TBE solution
 6x Loading Buffer
 Agarose
 Ethidium Bromide solution
 Agarose gel electrophoresis system
100ml buffer (CTAB)
 Total 4.0 ml 0.5 M (Ethylenediaminetetraacetic acid Di-sodium salt) EDTA adjusted
to pH 8.0
 2.0% g (Hexadecyl trimethyl-ammonium bromide) CTAB
 28.0 ml of 5M NaCl
 10.0 ml of 1M Tris pH 8.0
 40.0 ml of H2 O
 1M Tris base with pH 8.0
 1g Polyvinyl pyrrolidone (PVP 40) Mw 40,000
 The pH 5.0 was adjusted with HCl and broght to 100 ml volume with H 2O.
Total 121.1 g of Tris base was dissolve in 700 ml of H 2 O. The pH was adjusted to 8.0 by
addition of 42 ml concentrated HCl. The solution was allowed to cool down at room
temperature prior to adjusting pH 5.0. The volume was adjusted to 1L using dH2O.
solution was autoclaved to sterilize. The strategy of infiltration is given in Figure. 3.4.
5x buffer (TBE)
 54 g Tris base
 27.5 g Boric acid
 20 ml of 0.5M EDTA (pH 8.0)
Volume made up to 1L with distilled H 2O.
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For making a working solution of 0.5x, 1:10 dilution of the concentrated stock was made.
Procedure
 Total 200 mg of plant tissue in 500 μl of CTAB buffer was ground to a fine paste.
 Then, CTAB/Plant extract mixture was transferred to microfuge tube.
 The extract mixture was further incubated for 15 min at 55 oC in a water bath.
 After that, Plant extract/CTAB mixture was centrifuged for 5 min at 12000 g to
sediment cell debris. The supernatant phase was transferred to a new microfuge tube.
 Total 250 μl of Chloroform:Iso Amyl Alcohol (24:1) was added in each tube and the
solution was mixed by gentle inversion. The tubes were centrifuge at 13000 rpm for 1
min.
 Only the upper supernatant phase (contains the DNA) was transferred to a clean
microfuge
tube.
 To every tube, 50 μl 7.5 M Ammonium Acetate was added following 500 μl of ice
cold absolute ethanol.
 Then, the tubes were slowly inverted for several times to precipitate DNA. Normally,
the DNA was precipitated in the solution. Otherwise, the tubes can be placed for 1 hr
at -20 oC after adding the ethanol to precipitate DNA.
 After precipitation, the DNA was pipetted off by slowly spinning/rotating a tip in the
cold solution.
 To wash the DNA, the DNA precipitate was transferred into a new microfuge tube
having 500 μl of ice cold 70 % ethanol and slowly inverted. Alternatively, the
precipitate was isolated by centrifuging the tube at 13000 rpm for a minute to form a
pellet. The supernatant was then removed and the pellet was washed twice by using 1
ml of 70 % cold ethanol.
 After washing the DNA, it was centrifuged to pellet for 1 min at 13000 rpm.
 The supernatant was discarded and pellet was put to dry (approximately for 15 min).
 The DNA was then re-suspended in sterile DNase free water.
 To eliminate RNA in the preparations, the RNaseA (10 μg/ml) treatment was given
before dissolving the DNA (10 μl RNaseA/10ml H2O).
 Finaly, DNA was incubated for 20 min at 65oC and store at 4oC.
 The DNA was run on agarose gel to check the integrity of the DNA, while
spectrophotometry was used to check the concentration and purity.
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3.22. Plant RNA Extraction using CTAB Method
Buffers and Solutions
CTAB Buffer
 CTAB 2%
 1 M TRIS (pH 8.0) 100 mM
 0.5 M EDTA (pH 8.0) 20 mM
 NaCl 1.4 M
 PVP (4000) 2%
Procedure
 Total 1% beta-mercaptoethanol was added to the CTAB-buffer.
 600 µl of CTAB buffer was prepared in a microfuge tube.
 Plant tissue was ground into fine powder.
 Tissue powder was transferred to the microfuge tube and mixed shortly.
 Total 600 µl of chloroform was mixed very well in tissue powder.
 Solution was centrifuged down at 15000 rpm for 2 min.
 The upper phase was then transferred into a new microfuge tube.
 600 µl chloroform was added and mixed well.
 Solution was centrifuged for 2 min at maximum speed.
 Upper supernatant phase was transferred into a new microfuge tube.
 Equal volume of isopropanol (1:1) were added and mixed well.
 The solution was spun at maximum speed for 15 min.
 Pellet was saved and supernatant was removed.
 For washing the pellet, 600 µl of (70%) ethanol was added.
 Again, the solution was spun for 15 min at maximum speed.
 Pellet was saved and supernatant was discarded.
 Pellet was dissolved in 90 µl water for 15 min at 65 °C.
 Solution was centrifuged at maximum speed for 5 min to eliminate debris.
 Liquid was transferred into a new microfuge tube.
 30 µl 8 M of LiCl was added and mixed well.
 RNA was precipitated for at least 20 min at -20 °C.
 Solution was centrifuged for 30 min at maximum speed at 4 °C.
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 Pellet was saved and supernatant was discarded.
 Total 100 µl 70% ethanol was added and mixed well
 Solution was again centrifuged at maximum speed for 2 min.
 Pellet was saved and supernatant was discarded.
 Pellet was dissolved in 90 µl water at 65 °C for 15 min.
 The solution was further centrifuged for 5 min at maximum speed to remove debris.
 Aqueous phase was then transferred into a new microfuge tube.
 Finally, RNA was stored at -80 °C for long time storage.

3.23. First Strand cDNA Synthesis Protocol (NEB)
Protocol
The primer d(T)23VN was mixed with RNA sample in two sterile RNase free micro
centrifuge tubes.
Reaction composition
 d(T)23VN (50 μM) 2 μl
 Total RNA 1–6 μl (10 ng–1 μg)
 Nuclease free H20
 Total Volume 8 μl
RNA was denatured at 70°C for 5 minutes and was spun and was kept on ice promptly.
Following components were added to each tube.
 M-MuLV Enzyme Mix 2 μl
 M-MuLV Reaction Mix 10 μl
Following components were added to the negative control:
 M-MuLV Reaction Mix (10 μl)
 H2O (2 μl)
A total 20 μl reaction of cDNA synthesis was incubated for one hour at 42°C. inactivation
of the enzyme was done for 5 minutes at 80°C. Reaction was dilated with 30 μl H2O to 50
μl for PCR. Finally, cDNA was stored at -20°C but for long time it was stored at -80oC.
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3.24. Universal SYBR Green Quantitative PCR Protocol
Preparation
All reagents were kept on ice, mixed well and briefly centrifuged to collect and mix
contents in the bottom of the tube.
Master mix for qPCR reagents with separate components:
Reactions

Final Concentration

20 μl reaction

2X qPCR mix

1X

10 μl

Forward primer (10 µM stock)

0.2 µM

0.4 μl

Reverse primer (10 µM stock)

0.2 µM

0.4 μl

25mM MgCl2

3.5mM

3.5 μl

Reference dye

0 to 0.25 μl

PCR grade water

4.2 μl

Setup reactions:
 For non-template control reactions, 4 μl of H2O was added to each reaction tube.
 For tentative reactions, 4 μl of cDNA solution was poured into the reaction tube
 All the tubes were briefly centrifuged to confirm that all tubes contained the samples
at the bottom with correct volume.
 16 μl of the master mix was poured into each qPCR plate well or tube.
 Reactions were mixed well and centrifuged.
 PCR plate was labelled properly.
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Standard cycling parameters:
Temp

Time

94 °C

2 min

Denaturation

94 °C

15 sec

Annealing, extension, and read fluorescence

60 °C

1 min

Temp

Time

95°C

30 sec

Step 1

95°C

5 sec

Step 2

58°C

15 sec

Step 3

72°C

10 sec

Initial denaturation
40 cycles:

Fast cycling parameters:

Initial denaturation
40 cycles:

3.25. Determining Genome Targeting Efficiency using T7 Endonuclease
I
Required Materials:
 T7 Endonuclease I (M0302)
 Q5 Hot Start 2X Master Mix High-Fidelity
 0.25 M EDTA
 Purified genomic DNA of targeted cells
 PCR primers used to amplify a 1 kb region containing the target site
PCR
Total 50 µl of PCR reaction volume was set up using ~100 ng genomic DNA as template.
Three PCR reactions were run for each amplicon using the following templates.
 DNA from agroinfiltrated leaf.
 DNA from negative control leaf.
 Water.
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3.25.1. PCR using Q5 High-Fidelity DNA Polymerase
Component

50 µl reaction

Final Concentration

Q5 Hot Start High-Fidelity 2X

25 µl

1X

10 µM Forward Primer

2.5 µl

0.5 µM

10 µM Reverse Primer

2.5 µl

0.5 µM

Template DNA

variable

100 ng total

Nuclease-free water

To 50 µl

Reaction was mixed gently. All liquid was collected by a quick centrifugation to the
bottom of the tube. PCR tubes were transferred to a thermocycler machine to begin
thermocycling.
Cycling Conditions
Step

Temperature

Time

Initial Denaturation

98°C

30 sec

35 cycles

98°C

5 sec

55°C

10 sec

72°C

20 sec

72°C

5 min

Final Extension
3.25.2. T7 Endonuclease I digestion
Reaction
Component

19 µl annealing reaction

DNA

200 ng

10X NEBuffer 2

2 µl

Nuclease-free Water

To 19 µl

Following PCR profile was used:
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Hybridization Conditions
Step

Temperature

Initial Denaturation

95°C

Ramp Rate

Time
5

minutes
Annealing

Hold

95-85°C

-2°C/sec

85-25°C

-0.1°C/sec

4°C

T7 Endonuclease I was added to the annealed PCR products. The reaction composition is
given below:
Component

20 µl reaction

T7 Endonuclease I (M0302)

1 µl

Annealed PCR product

19 µl

Incubation Time

15 minutes

Incubation Temperature

37°C

The reaction was stopped by adding 1.5 µl of 0.25 M EDTA. 10 µl of the reaction was
run on 2% agarose gel to check out the mutation as the target.

3.26. Preparation of infectious clones of cotton leaf curl virus
The infectious clones of cotton leaf curl kokhran virus (CLCuKV) along with betasatellite
were obtained from Dr. Shahid Mansoor, NIBGE. These clones were transformed into
Agrobacterium tumefaciens strain GV3101 as described in section 3.11 for agroinoculation (section 3.20).

3.27. Evaluation of infectious clones for infectivity in N. benthamiana
N. benthamiana plants were grown for three weeks in a growth conditions; 25-28 °C
temperature, ~65 % humidity; 16-h photoperiod. Agrobacterium tumefaciens competent
cells were transformed with binary plasmids by the freezing and thaw method of Holsters
et al., 1978. Maximum experiments, the A. tumefaciens strain GV3101 (Koncz and
Schell, 1986) was used. But some experiments were accomplished with LBA4404
(Hoekema et al., 1983). A. tumefaciens cells were cultured overnight with appropriate
antibiotics to an 0.5 at (OD)600 in a shaker/incubator at 28 °C. Bacterial cultures were
collected by spinning for 6 min at 5,000 rpm using a table top centrifuge machine at room
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temperature and to obtain bacterial suspensions of the required OD600 (0.5) the cells
were re-suspended in an infiltration medium. After incubation for 4 h, cultures of A.
tumefaciens were injected into the abaxial side of fully expanded young leaves of 3- to 4week-old plants by using a 1-ml needleless syringe. Infiltrated plants were kept under the
above mentioned growth conditions. For co-infiltration, TALEN constructs were already
infiltrated prior to virus infiltration. The strategy of co-infiltration is given in Figure. 3.3.
Leaf samples were taken after 9, 21 and 30 days’ post inoculation (dpi) unless otherwise
indicated. Sample leaves were collected from control and treated plants and were frozen
immediately in liquid N2 for further analysis. The infiltrated leaves were further infected
with CLCuKV/CLCuMB at 2 dpi. Delay in symptoms development was recorded from 9 21 dpi. Virus accumulation was determined using CFX96 Real-Time System (Biorad)
with specific primers. PPR (Pentatricopeptide repeat protein) primers were used as
internal control. All experiments were conducted in triplicate.

Figure. 3.3: TALEN infiltration strategy for evaluation of virus suppression
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Chapter 4

RESULTS
4.1. Sequence Alignments of CLCuVs
The consensus sequences to be used as targets in CLCuVs were determined by clustal
analysis. DNA sequences of CLCuMV, CLCuBV, CLCuRV, CLCuKV and CLCuAV
were subjected to CLUSTALW software. Full length DNA sequences of CLC*/uVs have
almost 80% similarities (Appendix.1). Consensus sequences selected for targeting have
shown similarity of more than 90% in their DNA sequences except TALEN (1T) which
was the binding site for C1 protain (Table. 4.1).
Figure 4.1. Similarity of the consensus DNA sequences of CLCuVs.
Target
Number of DNA base pairs
TALE1
19
TALEN (1T)
53
TALEN (2T)
47
TALEN (3T)
53

Similarity
100%
>50%
>90%
>90%

4.1.1. Location of the targets in CLCuV genome
Target TALE1 and TALEN (1T) were located from non-coding region (common region)
while TALEN (2T) and TALEN (3T) were located from coding region of Rep gene

3T

(Figure. 4.1).

Figure. 4.1. Location of TALEs and TALEN targets in CLCuV geome.
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4.2. Designing of TALEs and TALENs Using TAL Effector Nucleotide
Targeter 2.0
TAL Effector Nucleotide Targeter 2.0 was used to design TALEs and TALENs (Doyle et
al. 2012). The resulting targets are given in Figure. 4.2, 4.3, 4.4 and 4.5 respectively.
Designing of TALEs and TALEN construct was done according to golden gate cloning
strategy. TALEs and TALEN target sequences selected by using TAL Effector
Nucleotide Targeter 2.0 were preceded by T. because N-terminal of TALEs have affinity
to bind with T.
For TALE1, targeting non-coding region (nonanucleotide), 19 RVDs were given to target
19 bp of viral DNA sequence (Figure. 4.2). For TALEN target 1T, targeting non-coding
region (Rep binding site), multiple TALENs were designed by the software. A target site
with 57 base pairs was selected (Figure. 4.3). A TALEN pair, consists of Left and Right
TALEN, was selected which have 15 base pair spacer length and hieghst (49%) GC
contents. Each TALEN pair was consisted of 20 RVDs targeting 20 DNA bases.
For TALEN target 2T, multiple TALENs were designed by the software targeting coding
region (C1) of CLCuV. A target site of 57 base pairs was selected for designing TALEN
(Figure. 4.4). A TALEN pair, consists of Left and Right TALEN, was selected which
have 15 base pair spacer length and hieghst (52%) GC contents. Each TALEN pair was
consisted of 20 RVDs targeting 20 DNA bases.
For TALEN target 3T, multiple TALENs were designed by the software targeting coding
region (C1) of CLCuV. A target site of 68 base pairs was selected for designing TALEN
(Figure. 4.5). A TALEN pair, consists of Left and Right TALEN, was selected which
have 26 base pair spacer length and hieghst (43%) GC contents. The Left and Right
TALEN were targeting 20 DNA bases with 20 RVDs.
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Figure. 4.2. TALE-1 target site selection by TAL Effector Nucleotide Targeter 2.0. Every
target is preceded by T. 19 RVDs were given to target 19 bp of viral DNA sequence.

Figure. 4.3. TALEN target site (1T) selection by TAL Effector Nucleotide Targeter 2.0.
One target site of 57 bp with 15 bp spacer was selected on the basis of highest GC%
(49%).
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Figure. 4.4. TALEN target site (2T) selection by TAL Effector Nucleotide Targeter 2.0.
One target site of 57 bp with 15 bp spacer was selected on the basis of highest GC%
(52%).

Figure. 4.5. TALEN target site (3T) selection by TAL Effector Nucleotide Targeter 2.0.
One target site of 68 bp with 26 bp spacer was selected on the basis of highest GC%
(43%).
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4.3. Cloning of TALEN target 1 (1T)
4.3.1. Left TALEN Assembly
Golden Gate cloning strategy was used to assemble TALEs. This method is highly
specific and efficient. For this purpose, Golden Gate TALEN and TAL Effector kit 2.0
was obtained from Addgene by signing an MTA.
4.3.1.1. Golden Gate reaction #1
10 RVDs for 1T were assembled as per manufecturer’s conditions. The ligation products
were transformed into competent cells of E. coli which produced bule and white colonies
on LB media selection plates supplemented with IPTG and X-gal. White colonies were
checked by colony PCR. Results of colony PCR of GG#1 reaction are given in Figure.
4.6. The positive clones gave amplification of 1.2 kb with laddering and smear effects.
After colony PCR the positive clones were cultured for plasmid isolation and confirmed
by restriction enzyme digestion. All of the positive clones in GG#1 reaction were digested
with AfIII and XbaI which provided a digested fragment of 1048 bp. The results of
restriction digestion are given in Figure. 4.7.
4.3.1.2. Comfirmation of GG#1 clones by sequencing and Blastx analysis
The clones which showed positive results by restriction digestion were sequenced. The
sequences were subjected to Blastx to find the similarity with the expected RVDs. Blastx
align the translated nucleotides by which the presence and orientation of the TALEs
monomers could be easily confirmed. The clones having 100% similarity with the
expected sequence were selected for further cloning. Results of Blastx are given in
Figure. 4.8.
4.3.1.3. Golden Gate reaction#2
9 RVDs for 1T in GG#2 reaction were assembled as per manufecturer’s conditions. The
ligation products were transformed into competent cells which produced bule and white
colonies on LB media selection plates supplemented with IPTG and X-gal. White
colonies were checked by colony PCR. Results of colony PCR of GG#2 reaction are
given in Figure. 4.9. After colony PCR, the positive clones were cultured for plasmid
isolation and confirmed by restriction enzyme digestion. All of the positive clones in
GG#2 reaction were digested with AfIII and XbaI which provided a digested fragment of
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about 1 kb depending on the number of RVDs assembled. The results of restriction
digestion are given in Figure. 4.10.
4.3.1.4. Confirmation of GG#2 clones by sequencing and Blastx analysis
The clones which showed positive results by restriction digestion were sequenced. The
sequences were subjected to Blastx to find the similarity with the expected sequence.
Blastx align the translated nucleotides by which the presence and orientation of the TALE
monomers could be easily confirmed. The clones with 100% similarity with the expected
sequence were selected for further cloning. Results of Blastx showing 100% similarity are
given in Figure. 4.11.

M 1 2 3 4 5 6 7 8 9 10 11 1213 1415 1617 18 19 20 21 22 23 24
1.2kb

Figure. 4.6. Screening of GG#1 with colony PCR. Each lane represents PCR of a single
colony resolved in 1% agarose gel. Lane 1-3, 7, 13, 15 and 19 are positive clones.
Positive clones have brighter band of 1.2 kb with a smear and laddering effect. Lane M
shows 1 kb ladder with prints (100bp, 250bp, 500bp, 750bp, 1kb, 1.5kb, 2kb, 3kb, 5kb,
10kb).
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M 1

2

3 4

1048bp

Figure. 4.7. Confirmation of GG#1 digestion results of with AfIII and XbaI. A digested
fragment of 10 RVDs in pFUSA with 1048 bp on 1% agarose gel indicating positive
clone. Lane M shows 1 kb ladder.

Figure. 4.8. Blastx results of GG#1. Blastx results showing 100% similarity of translated
nucleotides sequence with expected protein sequence. The boxes are showing similarity
of the RVDs in the required orientation. The sequence data of forward primer was used to
do Blastx analysis.
M 1

2

3

4

5
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6

7 8

9 10 11 12

1.1kb

Figure. 4.9. Screening of GG#2 with colony PCR. Lane 1,2,5 and 6 are showing positive
clones of 1.1 kb with smear and laddering effects on 1% agarose gel. Lane M shows 1 kb
ladder.

M 1

2

3

4

5

6

7

1 kb

Figure. 4.10. Confirmation of GG#2 by digeestion with AfIII and XbaI. All lanes
showing positive clones with 1kb digested fragment on 1% agarose gel. Lane M shows 1
kb ladder.
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Figure. 4.11. Blastx results of GG#2. Blastx results showing 99% similarity in translated
nucleotides with E value 0.0. The boxes are showing similarity and orientation of RVDs
in required manner. The sequence data of forward primer was used to do Blastx analysis.
4.3.1.5. Golden Gate reaction#3
The RVDs assembled in GG#1 and GG#2 reaction were further ligated together with last
RVD to assemble complete TALE monomers as per manufecturer’s conditions. The
ligation products were transformed into competent cells which produced bule and white
colonies on LB media selection plates supplemented with X-gal and IPTG. Results of
colony PCR of GG#3 reaction are given in Figure. 4.12. A smear started from 2-3 kb with
laddering effect was the indication of complete TALE RVDs assembly in destination
vector. After colony PCR, the positive clones were cultured for plasmid isolation and
subjected to restriction enzyme digestion confirmation. All of the positive clones in GG#3
reaction were confirmed by restriction enzyme digestion with StuI and AatII which
provided a digested fragment of 2234 bp. The results of restriction digestion are given in
Figure. 4.13.
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4.3.1.6 Confirmation of GG#3 clones by sequencing and Blastx analysis
The sequences of the positive clones were subjected to Blastx to find the similarity with
the expected sequence. Blastx align the translated nucleotides by which the presence and
orientation of the TALEs monomers could be easily confirmed. The clones with 100%
similarity with the expected sequence were selected for further cloning. The results of
Blastx with reverse sequence showing ligation of last repeat are given in Figure. 4.14.
4.3.1.7. Confirmation of Left TALEN in pZHY500
Assembly of Left TALEN was confirmed by restriction/digestion, colony PCR and
sequencing. The sequence data was subjected to Blastx to find out similarity with the
expected sequence. All the TALE/TALEN construct were assembled using above golden
gate assembly protocol in three steps. The results of colony PCR amd restriction enzyme
digestion of GG#1, GG#2 and GG#3 were same as given above.

M 1

2 3 4

5 6

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

3kb
2kb

Figure. 4.12. Confirmation of TALE assembly in pZHY500. Lane 1, 2, 4, 6, 8, 10, 12,
16, 21 and 23 are showing positive clones with smear starts around 2 -3 kb and laddering
effect 1% agarose gel. Lane M shows 1 kb ladder.
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M

1

2

3

4

2234 bp

Figure. 4.13. Confirmation of GG#3. The positive clones were subjected to StuI and
AatII restriction/digestion. All lanes, 1-4, are showing positive clone with 2234 bp
digested fragment 1% agarose gel. Lane M shows 1 kb ladder.

Figure. 4.14. Blastx alignment results of Left TALEN in pZHY500. Results showing
ligation of last repeat (HD) with 100% similarity. The boxes are showing similarity and
orientation of RVDs in the amino acid sequence. The sequence data of reverse primer was
used to do Blastx analysis.
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4.3.2. Assembly of Right TALEN
As discussed earlier in section 4.3, the cloning protocol and the results for Right TALEN
are same as for Left TALEN. Sequence confirmation results of Right TALEN are
provided in Figure. 4.15 and Figure. 4.16 showing that all the RVDs are ligated in
required orientation according to target.

4.4. TALE1 cloning in pZHY500
As mentioned, the results of colony PCR for ten mers were the same for all clones. The
results of colony PCR for GG#2 were different depending upon the number of remaining
RVDs (n-1). Blastx results for TALE1 are given in Figure. 4.17. The Blastx result for last
repeat ligation are given in Figure. 4.18. TALE protein assembly without fusion of FokI
nuclease was a bit difficult because pZHY500/501 have TALE fusion with FokI nuclease
(Figure. 4.19). For construction of TALE proteins, TALE was assembled in pZHY500
and further sub-cloned with stop codon using specific primers.
4.4.1 Cloning of TALE1 in plant expression vector
Specific primers were used for amplification and construction of TALE proteins stop
codon. The sub-cloning was done in pEasy blunt end vectors. The TALE1 was finally
cloned in pJIT-163 for making TALE-gfp to check its expression in protoplast (Figure.
4.20). For plant expression the TALE1 was cloned into pCAMBIA2300 with stop codon
(Figure. 4.21).

4.5. Assembly of TALEN Pair into pZHY013
Left and Right TALEN were assembled in pZHY013 for their cloning as pair in one
vector. pZHY013 is a gateway entry vector which was used for further cloning into
gateway compatible plant expression vector (pGW(2x35S). Left TALEN was first cloned
in pZHY013 at XbaI/BamHI sites and then Right TALEN was cloned in pZHY013
(LTALEN) at NheI/BglII sites. pZHY013 have two FokI domains and T2A translation
skipping sequence between TALEN pair for its transcription under single promoter.
Colony PCR was run to check the ligation of Left TALEN into pZHY013. The
amplification of 300 bp with specific primers was the indication of positice ligation. The
results of colony PCR are given in Figure. 4.22.
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Figure. 4.15. Blastx alignment results of Right TALEN in pZHY501 sequenced with
forward primer. Translated nucleotides are showing 100% similarity with 0.0 E value.

Figure. 4.16. Blastx alignment results of Right TALEN in pZHY501 sequenced with
reverse primer. Results showing ligation of last repeat (HD) with 99% similarity with E
value 0.0.
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Figure. 4.17. Blastx alignment results of TALE1 in pZHY500 sequenced with forward
primer. Translated nucleotide were found to have 99% similarity with 0.0 E value.

Figure. 4.18. Blastx alignment results of TALE1 sequenced with reverse primer.
Sequence data have similarity of 99% with expected sequence with 0.0 E value.
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Figure. 4.19. Map of TALEN in pZHY500. Map is showing complete TALE cassette
with N-terminal, NLS, TAL repeats, C-terminal and FokI nuclease.

Figure. 4.20. Map of TALE-gfp. TALE was fused with hGFP under 2x35S promoter
expression.
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Figure. 4.21. Map of pCAMBIA(TALE1). TALE was cloned under CaMV35S promoter
in a binary vector, pCAMBIA2300, for plant expression.
4.5.1. Confirmation by Restriction/digestion
After successful cloning, pZHY013 (TALEN) was subjected to digestion with restriction
enzymes, KpnI and SpeI. The restriction of 3.5kb fragement was the indication of positive
ligation. The results of restriction/digestion are given in Figure. 4.23. The map of the
pZHY013 (TALEN) is provided in Figure. 4.24.

4.6. Cloning of TALEN into Plant Expression Vector
LR clonase reaction was conducted to further clone TALEN pair into gateway
compatible pGW3(2x35S) plant expression vector under 2x35S promoter. Colony PCR
was run using standard protocol. The results of colony PCR are given in Figure. 4.25.
After plasmid isolation the clones were sequenced to confirm the 3’ and 5’ border of the
TALEN gene.
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300 bp

Figure. 4.22. Confirmation of Left TALEN ligation in pZHY013 destination vector.
Amplification of 300 bp is the indication of true clone. Digestion product was run on 1%
agarose gel. Lane M shows 1kb ladder.
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Figure. 4.23. Confirmation of TALEN pair ligation in pZHY013 destination vector. Lane
1,2,4,6,7,8,10,13,14 and 15 are showing digestion of 3.5 kb fragment which is the
indication of true clone. Digestion product was run on 1% agarose gel. Lane M shows
1kb

ladder.
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4.6.1. Confirmation through sequencing
TALEN pair, both Left and Right, are always expressed with a pair of FokI nuclease
because the dimerization of FokI is necessary to create double strand breaks. Moreover,
nuclear localization signal (NLS) is required for the localization of TALEN protein into
nucleus. 3x Flag is also present in pGW(2x35S) to facilitate the protein purification for
western blot analysis.
The clones were sequenced for confirmation of the cloning of TALEN into plant
expression vector. The sequence was aligned to check the presence of TALEN into
pGW(2x35S) from 5’ border. Similarity of 99% with the expected sequence was obtained
after alignment (Figure. 4.26). The sequence data was aligned further to check the
presence of 3’ border of TALEN. Alignment results showed 99% similarity between the
sequence of the positive clone and expected sequence (Figure. 4.27).

4.7. Mobilization into Agrobacterium
All of the TALEs and TALEN constructs were mobilized into Agrobacterium GV3101.
The colony PCR was run to select true clones with pGW(TALEN) construct.
Amplification of 300 bp was the indication of true clone. The results of colony PCR are
given in Figure. 4.28. After mobilization of the constructs the glycerol stock of
Agrobacterium were prepared. Map of pGW(TALEN) construct is given in Figure. 4.29.
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Figure. 4.24. Map of TALEN pair in pZHY013. pZHY013 have a pair of FokI nuclease,
3x Flag, 3x NLS and T2A translational skipping sequence for expression of TALEN pair.
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300 bp

Figure. 4.25. Confirmation of TALEN cloning into pGW(2x35S) through LR clonase
reaction. Amplification of 300 bp is the indication of true clone. All lanes showing
positive clones except lane 19. PCR product was run on 1% agarose gel. Lane M is
showing 1kb ladder.
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Figure. 4.26. Confirmation of 5’ border of TALEN into pGW(2x35S). Sequence data
with reverse primer was aligned with expected sequence using blastn. Blast results are
showing 99% similarity with 0.0 E value.
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Figure. 4.27. Confirmation of 3’ border of TALEN into pGW(2x35S). Sequence data
with reverse primer was aligned with expected sequence using blastn. Blast results are
showing 99% similarity with 0.0 E value.
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Figure. 4.28. Confirmation of cloning of TALEN constructs into Agrobacterium. All
lanes showing positive clones with 300 bp amplification. PCR product was run on 1%
agarose gel. Lane M is showing 1kb ladder.

Figure. 4.29. Map of pGW(TALEN). TALEN pair was cloned under 2x35S promoter
with hygromycin plant selection marker.
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4.8. Evaluation of infectious clones for infectivity in N. benthamiana
Plants infiltrated with CLCuKV/CLCuMB were observed for symptoms between 9-21
days’ post inoculation (dpi). All the infected plants showed symptoms on 10-13 dpi and
the control plant, the plant without virus infiltration, did not show any symptoms. The
symptoms of the virus were severe at 21 dpi. The pattern of the symptoms was irregular,
from upward leaf curling to downward leaf curling, vein thickening, plant yellowing,
stunted growth etc. The symptoms are shown in Figure. 4.31. PCR amplification of viral
DNA and qPCR results to check virus accumulation are given in Figure. 4.32.
A

B

C

Figure. 4.30. Infectivity assay of infectious clones in N. benthamiana plants. Symptoms
were developed at 12 dpi. A: Control plant without virus infitralation. B:
CLCuKV/CLCuMB infiltrated plants at 12 dpi showing disease symptoms. C: infected
plants
at 21
dpi.

689 bp

Infiltrated leaf

Systemic leaf

Figure. 4.31. Confirmation of viral DNA in infected plants. PCR amplified viral DNA
fragment of 689 bp on agarose gel and qPCR graph results are confirming presence and
accumulation of CLCuKV in systemic leaves.
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4.9. Evaluation of TALE1 and TALEN (1T) for Virus Suppression
TALE1 targeting nonanucleotide region of the virus was first expressed in N.
benthamiana protoplast to check its expression. The expression of TALE-gfp was
comparable to gfp control (Figure. 4.32). The TALE1 and TALEN (1T) were then
evaluated for virus suppression in N. benthmiana. Expression analysis of TALEN(1T)
were performed prior to virus infiltration. Results of amplification of FokI (440 bp) from
cDNA of infiltrated plants are given in Figure. 4.33. Pentatricopeptide repeat (PPR) was
used as internal control.
4.9.1. Virus Accumulation by qPCR
TALE1 and TALEN (1T) were evaluated for virus suppression in N. benthamiana. It was
clear by symptom scoring that both constructs were promising in decreasing virus
infection in plant (Figure 4.35; Figure. 4.36). Virus accumulation in the co-infiltrated
plants was checked by qPCR analysis. It was shown that virus titer was decrease up to 7090% in case of both; TALE1 and TALEN (1T) (Figure. 4.37).
4.9.2. Delay in symptom development
Development of symptoms of leaf curl disease after infiltration with infectious clones was
observed in all control plants with equal frequency. Virus infected plants started to show
disease symptoms at 10-13 dpi. It was found that plants co-infiltrated with TALE1
showed symptoms in 15-17 dpi while plants co-infiltrated with TALEN (1T) showed
symptoms in 17-19 dpi compared to control plants showing symptoms at 10-13 dpi
(Figure. 4.38; Figure. 4.39). The decrease in symptom development further indicated the
lower level of infection of virus.
4.9.3. T7E1 assay
Plant DNA was isolated from infected leaves to check the mutations in targeted viral
DNA. DNA sites with possible mutation were amplified and the PCR product was
subjected to T7E1 for digestion of mutated sites. The the digested fragments indicated
mutation in the targeted region of the DNA. In case of TALEN (1T), mutation was
detected in the target region of the virus. The results of T7E1 are given in Figure. 4.40.
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Figure. 4.32. Expression of TALE-gfp in protoplast of N. benthamiana. A: The
expression of gfp in protoplast as control. B: The expression of TALE-gfp in protoplast.
Image was taken using OLYMPUS SZX16.
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Figure. 4.33. Amplification of FokI from cDNA of infiltrated leaves with TALEN. A:
Lane 1-4 showing 440 bp amplification of FokI, Lane 5 is negative control. B: Control
with amplification of PPR gene (153 bp). Lane M shows 1kb ladder. PCR products were
run on 1% agarose gel.
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Figure. 4.34. Suppression of virus infection by TALE1. A: Control plant infiltrated with
mock vector. B: Plant infiltrated with TALE+CLCuKV/CLCuMB. C: Plant infiltrated
with CLCuKV/CLCuMB.

Figure. 4.35. Suppression of virus infection by TALEN (1T). A. CLCuKV/CLCuMB, B.
TALEN+CLCuKV/CLCuMB, C. Mock vector
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Figure. 4.36. qPCR results of virus accumulation. CLCuKV was used as reference.
CLCuKV graph bar is showing relative virus accumulation as 1. 1T1 to 1T10 is showing
low virus accumulation relative to reference in plants targeted with TALEN (1T). T1 to
T10 is showing low virus accumulation relative to reference in plants targeted with
TALE1.

Figure. 4.37. Delay in symptom development due to TALE1 and TALEN (1T). Two
graphs are showing data of independent experiments of delay in symptoms due to TALEs
and TALENs. Control bar is showing mock vector infiltrated plant data.
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Figure. 4.38. Delay in symptom development. Left. (TALE1), Right. (TALEN)(1T). A.
Control with CLCuKV/CLCuMB, B. TALE1/TALEN(1T), C. Control plant without
virus. Image was taken at 14 dpi.

Figure. 4.39. T7E1 assay. 1st gel indicating control PCR. 2 nd gel is indicating digestion of
mutated sites with T7E1 in one experiment and 3 rd gel is indicating digestion of mutated
sites with T7E1 in 2 nd experiment. All of the samples shown digestion when subjected to
T7EI.
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4.10. Evaluation of TALEN (2T) and TALEN (3T) Constructs for Virus
Suppression
TALEN (2T) and TALEN (3T) targeting coding regions of rep gene of the virus were
constructed and mobilized into Agrobacterium. The construction and assembly of the
TALEN was same as mentioned above. The Blastx results of TALEN assembly in
pZHY500 for left TALEN pair are for TALEN (2T) are given in Figure. 4.40 and Figure.
4.41. The Blastx results for TALEN (2T) assembly in pZHY501 for right TALEN are
given in Figure. 4.42 and Figure. 4.43. These result shows the correct ligation of RVDs in
required orientation.
The Blastx alignment results of TALEN assembly of left TALEN of TALEN (3T) in
pZHY500 are given in Figure. 4.44 and Figure. 4.45. The Blastx alignment results of
TALEN assembly of left TALEN of TALEN (3T) in pZHY501 are given in Figure. 4.46
and Figure. 4.47. These results depict the ligation of the desired RVDs in correct
orientation according to the DNA sequence.
4.10.1. Virus accumulation by qPCR
TALEN (2T) and TALEN (3T) were evaluated for virus suppression in N. benthamiana.
It was observed that both constructs were not efficient and did not give promising results
in decreasing virus infection in plant (Figure 4.48). Virus accumulation in the coinfiltrated plants was checked by qPCR analysis. It was found that virus titer was not
decreased significantly as compared to TALE1 and TALEN (1T) (Figure. 4.49).
4.10.2. Delay in symptom development
Development of symptoms of disease development after infiltration with infectious clones
was observed in all control plants with equal frequency. Normally plants shows disease
symptoms in 10-13 dpi. We found that the plants co-infiltrated with TALEN (2T) and
TALEN (3T) showed symptoms in 12-13 dpi. The delay in symptoms was also not
significant (Figure. 4.50).
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4.13.3. T7E1 assay
The total plant DNA was isolated from infected leaves to check the mutations in targeted
viral DNA. DNA sites with possible mutation were amplified and the PCR product was
subjected to T7E1 for digestion of mutated sites. The the digested fragments indicated
mutation in the targeted region of the DNA. In case of TALEN (2T), mutation was
detected in the target region of the virus. The results of T7E1 are given in Figure. 4.51.
While no digestion was observed in case of TALEN (3T).
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Figure. 4.40. Blastx alignment results of Left TALEN (2T) in pZHY500 sequenced with
forward primer. Translated nucleotide sequence was 99% similar with 0.0 E value.

Figure. 4.41. Blastx alignment results of Left TALEN (2T) in pZHY500 sequenced with
reverse primer. Translated nucleotide equence was 100% similar with 0.0 E value.
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Figure. 4.42. Blastx alignment results of Right TALEN (2T) in pZHY501 sequenced
with forward primer. Translated nucleotide sequence was 99% similar with 0.0 E value.

Figure. 4.43. Blastx alignment results of Right TALEN (2T) in pZHY501 sequenced
with reverse primer. Translated nucleotide sequence was 100% similar with 0.0 E value.
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Figure. 4.44. Blastx alignment results of Left TALEN (3T) in pZHY500 sequenced with
forward primer. Translated nucleotide sequence was 100% similar with 0.0 E value.

Figure. 4.45. Blastx alignment results of left TALEN (3T) in pZHY500 sequenced with
reverse primer. Translated nucleotide sequence was 99% similar with 0.0 E value.
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Figure. 4.46. Blastx alignment results of Right TALEN (3T) in pZHY501 sequenced
with forward primer. Translated nucleotide sequence was 99% similar with 0.0 E value.

Figure. 4.47. Blastx alignment results of Right TALEN (3T) in pZHY501 sequenced
with reverse primer. Translated nucleotide sequence was 99% similar with 0.0 E value.
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Figure. 4.48. Results of co-infiltration of virus with TALEN (2T) and TALEN (3T). C is
control (CLCuKV/CLCuMB). 2T is the plant co-infiltrated with TALEN (2T) and
CLCuKV/CLCuMB.
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Figure. 4.49. Accumulation of virus in systemic leaves after co-infiltration with TALEN
(2T) and TALEN (3T). CLCuKV was used as reference. CLCuKV graph bar is showing
relative virus accumulation as 1. 2T1 to 2T10 is showing virus accumulation relative to
reference in plants targeted with TALEN (2T). 3T1 to 3T10 is showing low virus
accumulation relative to reference in plants targeted with TALEN (3T).
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Figure. 4.50. The delay in symptoms due of TALEN (2T) and TALEN (3T). The two
graphs are showing data of two independent experiments using TALEN (2T) and TALEN
(3T). Control is showing plant data infiltrated with mock vector.

T7E1 Assay (TALEN (2T)
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767 bp
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Figure. 4.51. Mutation detection through T7E1 assay. The digestion of the PCR product
after treatment with T7EI was run on 2% agarose gel. Upper gel is showing digestion of
PCR amplified DNA fragment on treatment with T7E1. Lower gel is showing control
DNA samples.
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Chapter 5

DISCUSSION
Begomoviruses are whitefly transmitted ssDNA virus which infect and damage many
economically importance crops and vegetables such as cotton, tomato, bean, cassava and
spuash (Kenyon et al., 2014). Their replication depends on replication initiator protein
(rep) which is encoded by rep gene (C1) of virus (Hanley-Bowdoin et al., 1999). The rep
gene suppression may lead to viral replication inhibition. This idea has been utilized by
different researchers. Sera (2005) selected binding site of rep protein in the promoter
region of the rep gene to occupy it with AZPs and found promising results with respect to
inhibition of viral replication. Other researchers have also selected this site for inhibition
of viral replication (Mino et al., 2006; Takenaka et al., 2008; Kishono-kimri et al., 2008;
Mori et al., 2013). Nonanucleotide is the most conserved sequence of the viral genome
and is the origin of replication (ori) of the virus in which rep protein creates a nick to
initiate viral replication (Heyraud et al., 1993). Targeting this region for suppression of
viral replication could produce broad spectrum resistance against a number of viruses. We
found delay in symptoms and attenuated virus infection by targeting nonanucleotide
region with TALEs. In this study, a deliberate effort was made to disrupt rep gene, its
regulation and origin of replication of the virus in order to suppress virus and its
replication subsequently.
Nonanucletide is the most conserved sequence among geminiviruses. Another potential
site is the Rep binding region in the promoter region of the rep gene (Figure 4.1). Sera
(2005) also seleted this region to block viral replication and to decrease virus infection. In
the present study, it was found that these two regions (nonnucleotide and Rep dinding
site) are potential target sites to suppress virus. The results of virus suppression (70-90%)
are in line with Sera (2005) who observed 84% decrease in symptoms using AZFs. Rep
protein binding site is very important target. Previously, a zinc-finger protein (AZP)
(artificial) was designed to occupy binding of replication initiator protein (Rep) of
BSCTV to its origin of replication and verified that AZP expressing transgenic
Arabidopsis plants were resistant to the infection of virus. Afterwards, AZP technology
was applied against TYLCV which infect an important vegetable crop, tomato. The
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binding motif of the rep protein was blocked and the replication of the virus was halted
(Takenaka et al., 2007).
TALEs and TALENs have been proved as successful DNA targeting tools during the last
few years. Due to their single nucleotide binding affinity, TALENs were used to target
viral genome. In case of ZFNs, three DNA bases can be targeted with one monomer of
protein (Pavletich and Pabo, 1991) making it difficult to find out the target sites
frequently and in selected regions. In case of TALENs, any DNA sequence can be
targeted. Repeat variable di-residues (RVDs), consist of two amino acids, are responsible
to target single DNA base. So, for four DNA bases (A, T, G and C) four RVDs (NI, NG,
NN and HD) can be used respectively (Boch et al., 2009; Moscou et al., 2009;
Bogdanove et al., 2011). Golden gate assembly of Cermak et al. (2011) is a wellrecognized

approach

for

efficient,

robust

and

cost-effective

construction

of

TALEs/TALENs.
The results of colony PCR for Golden Gate reactions are same as given by Cermak et al.
(2011) (Figure. 4.6, 4.9, 4.13). They also used same RVDs for targeting DNA bases.
Previously, TALEs have been utilized to target begomoviruses. Cheng et al. (2015)
designed an artificial TALE protein for developing broad-range resistance platform to
begomoviruses. They showed that artificial TALEs were promising in conferring partial
resistance against begomoviruses in transgenic Nicotiana benthamiana to all three
begomoviruses tested. Furthermore, the resistance was also maintained in the presence of
betasatellite of the virus. Similar results have been obtained in the present study. The
plants co-infiltrated with TALE1 and CLCuKV/CLCuMB showed delay in symptoms
development and decrease virus titer in systemic leaves (Figure. 4.34, 4.36, 4.37, 4.38). It
is believed that non-nucleotide could be better target for broad spectrum resistance
against begomoviruses. Moreover, Cheng et al. (2015) also observed attenuated virus
infection, delayed viral symptoms and decreased virus accumulation. Similar results were
found when Rep binding site was targeted with TALENs (Figure. 4.34, 4.35, 4.37, 4.38).
In case of TALENs, it was also observed that TALENs were able to create double strand
break at the target site (Figure. 4.39). Transcription activator like effectors are a
distinguished class of specific DNA binding proteins which are secreted by Xanthomonas,
a plant pathogenic bacteria. Xamthomonas infect more than 350 plant species and cause
serious diseases (Chan and Goodwin, 1999). TALEs are secreted into plant to modulates
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host gene expression favoring disease development. In case of bacterial blight of rice, it
was observed that Xanthomonas oryzae secretes TALEs which activate susceptibility
genes of the plant. Once the TALE function was revealed, the bacterial blight resistant
rice was developed by expressing artificial TALEs (Li et al., 2012). The exceptional
DNA recognition scheme of TALEs allows a speedy assembly of artificial TALEs with
higher specificity of DNA binding to target any DNA sequence. Subsequently, TALE
technology has been swiftly and broadly exploited in plant and animal genome editing in
the form of designable transcription factors and engineered nucleases (Bogdanove et al.
2011).
Begomoviruses have also been targeted with CRISPR/Cas9 for targeted DSBs (Xiang et
al., 2015; Ali et al., 2015). It was found that DNA viruses can be targeted with
engineered nuclease for creation of DSBs.
Replication of the virus can be inhibited by disruption of the Rep binding site and/or
occupation of nonanucleotide. Rolling circle replication mechanism is initiated by rep
protein which involves DNA double strand intermediate form of the virus genome
(Saunders et al. 1991; Ilyina and Koonin 1992; Koonin and Ilyina 1992). TALENs can
only bind double stranded DNA while begomoviruses are ssDNA viruses. But it was
considere gd that TALEN proteins bound DNA in its double stranded replicative form
and created double strand break in the targeted region. The DSB leads to mutation of the
DNA sequence by creating indels which ultimately result in mutation in the target site.
Begomoviruses have been targeted by artificial TALEs which resulted in site specific
binding of TALEs and suppression of virus (Cheng et al., 2015).
Cotton leaf curl disease is a complex of viruses which involves in infection. So, to make
TALENs strategy broad spectrum targeting maximum viruses, sequences of prominent
cotton leaf curl viruses were aligned to find out consensus sequence in the conserved
region of viruses (Appendix. 1). Moreover, there is a problem of recombination and
pseudo-recombination in virus which increase the evasion of virus from targeting
proteins. In the past, scientists targeted different viral genes like V1, V2 to suppress
viruses. But unfortunately, no complete resistance has been achieved hitherto. Targeting
conserved sequences in the virus genome can be helpful in creating broad range
resistance against begomoviruses (Cheng et al., 2015). Cheng et al. (2015) achieved
partial resistance in Nicotiana benthamiana against begomoviruses using TALE proteins
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targeting conserved motifs in the viral genome. Chen et al. (2014) used Artificial zinc
finger nuclease (AZFNs) to target rep gene conserved motifs in begomoviruses. It was
found that engineered nuclease cleaved the target site and disrupted the rep gene of the
virus resulting in inhibition of replication and resistance against virus. Results of this
study support that partial resistance can be achieved against begomoviruses by disrupting
rep gene (Figure 4.9). TALENs are more specific and highly efficient comparing to
AZFNs and have almost no off targets. In this study, it was also observed that
begomovirus have the ability to tolerate small mutations and/or deletions in the coding
region. Moreover, it was also observed that the virus is able to repair after DSBs without
any mutation in the DNA sequence. Ali et al. (2016) also found similar results by
targeting CLCuKV with CRISPR/Cas9. It was found that target sites repaired after DSBs
without any mutation in the sequence.
A novel DNA binding proteins, CRISPR/Cas9, has been developed to target DNA more
efficiently (Deltcheva et al., 2011; Jinek et al., 2012; Cho et al., 2013; Kim and Kim
2014; Ledford, 2015; Hendel et al., 2015; Bolukbasi et al., 2016). The ease of designing
and less cost has made CRISPR/Cas9 more fascinating approach to target DNA sequence.
Although there are more off-targets in case of CRISPR/Cas9 (Fu et al., 2013) than that of
TALENs. But multiplexing (targeting multiple sequences with multiple gRNA
simultaneously) has made it very distinctive technology (Cong et al., 2013; Xing et al.,
2014). In recent studies, it was found that begomoviruses can escape Cas9 after mutation
in the target site. Mutated target sites will not be available further for the binding of Cas9
(Ali et al., 2016). Moreover, it is reported that begomoviruses can tolerate some of the
small deletions or insertions at target site in the coding region of the virus (Xiang et al.
2014). Similar results were found in present study when coding region of CLCuKV were
targeted with TALEN (3T). We found that TALENs were efficient in creating DSBs in
rep gene of the virus but virus molecule was able to proliferate and caused infection in
plant. Ali et al. (2016) also found similar results when CP and RCRII were targeted with
CRISPR/Cas9.
Decrease in the titer of the virus by using engineered nucleases have been achieved by
many researchers (Sera, 2005; Xiang et al., 2014; Ali et al., 2016). It was found that titer
of the virus was decreased more than 80% when the non-coding regions of the virus,
nonanucleotide and rep binding site, were targeted with TALEs and TAENs respectively.
Cotton leaf curl viruses have also been targeted by other DNA binding proteins like
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VirE2 (Yousaf et al., 2015). VirE2 are Agrobacterium tumefeciens proteins which have
the ability to bind ssDNA. Yousaf et al. (2015) observed 68% resistance against
CLCuKoV/CLCuMuB and 56% against ToLCNDV. The binding ability of TALEs for
dsDNA is well established. Moreover, TALEs are highly specific and efficient in binding
specific sequence in a DNA. Targeting viral genome with DNA binding proteins or
engineered nucleases could be a very efficient, attractive and effective approach to inhibit
viruses in animals, plants and as well as in humans.
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SUMMARY
The thesis addresses a novel approach to engineer resistance against viruses using
TALENs and TALENs. Four regions in the viral genome were targeted, two coding and
two non-coding. The non-coding regions were in common region of the virus which is
conserved region in begomoviruses. Within the common region, nononucleotide is the
most conserved sequence among geminiviruses which is also origin of replication.
TALEs and TALENs were assembled successfully using Golden Gate cloning strategy
according to manufeturer’s protocol. TALE1 was first fused with gfp and transiently
expressed in N. benthamiana protoplast to check its expression in plants. All of TALEN
construts were expressed transiently in N. benthamiana plants by infiltration. The
expression of the TALENs (1T, 2T and 3T) was confirmed by RT-PCR. Afterwards,
TALEs ans TALENs were co-infiltrated in N. benthamiana plants with infectious clones
of CLCuKV/CLCuMB.
In experiments of non-coding regions (nonanucleotide and rep binding site), it was found
that the TALE1 and TALEN (1T) constructs targeting these regions were efficient in
suppressing virus in N. benthamiana by decreasing virus titer and delaying disease
symptom development. A 70-90% decrease in virus accumulation was observed in case
of TALE1 and TALEN (1T). While 4-5 days’ delay in symptoms development was
recorded with attenuated symptoms. Two coding region of rep gene were targeted with
two TALEN constructs (2T and 3T). It was found that TALEN constructs targeting rep
gene coding regions were not able to decrease virus infection and accumulation in plants
significantly. T7E1 assay to check DSBs in DNA was positive for TALEN (2T) construct
but no promising results of T7E1 assay were found for TALEN (3T). A 10-20% decrease
in virus titer was observed in case of TALENs (2T and 3T) by qPCR. Moreover, no
significant delay in symptoms development was observed. The inefficiency of virus
suppression in targeting rep gene may be due to the efficienct repair system or tolerance
of the mutation by virus. Results of this study demonstrate the feasibility of the TALEs
and TALENs for suppression of CLCuVs and other begomoviruses.
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Appendices
Appendix. 1.
CLCuMV
CLCuRV
CLCuBV
CLCuAV
CLCuKV

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

ACCGGATGGCCGCGCGATTTTTTTTGTGGGCCC---------------CC
ACCGGATGGCCGCGCGATTTTTTTGGTGGGCCTTACCATTAACACTTGTC
ACCGGATGGCCGCGCGATTTTTTCG-TGGGCCCTACCATTAACTCTTGTC
ACCGGATGGCCGCGCGATTTTTTTT-AGTGGTGGGTCCAGAACGCACGAC
ACCGGATGGCCGCGCGATTTTTTTG-TGGGCCCTACCATTAACTCTTGTC
***********************
:* *
*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GATTTATGAGATTGCTCCCTCAAAGCT-AAATAACGCTCCCGCGCACTAT
GGCCAATCATATGACTCCCTCAAAGCT-AAATAACGCTCCCGCACACTAT
GGCCAATCATATGACGCGCTCAAAGCTTAAATAATTCTCCCGCCTATTAT
G----------ATGCAGACTCAAAGCTTAGATAACGCTCCT-TCGGCTAT
GGCCAATCATATGACGCGCTCAAAGCTTAAATAATTCTCCCGCTTATTAT
*
: .*
********* *.**** ****
. ***

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AAGTACTTGCGCACTAAGTTTCAAATTCAAACATGTGGGATCCATTGTTA
AAGTACTTGCGCACTAAGTTTCAAATTCAAACATGTGGGATCCACTATTA
AAGTACTTCGTTGCTAAGTTTGCGTTTGAAAAATGTGGGATCCACTGTTA
AAGTACTTGCGCACTAAGTTTCAAATTGAAACATGTGGGATCCACTAGTA
AAGTACTTCGTTGCTAAGTATGCGTTTGAAAAATGTGGGATCCACTGTTA
********
.******:* ..:** ***.************ *. **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AACGAATTTCCTGATACGGTGCACGGGTTTCGGTGTATGCTTTCTGTCAA
AACGAATTCCCTGATACGGTTCACGGGTTTCGGTGTATGCTTTCTGTGAA
AATGAGTTCCCCGACACCGTTCACGGTTTTAGGTGTATGTTAGCAGTTAA
AACGAATTCCCGGATACGGTGCACGGGTTTCGTTGTATGCTTTCTGTCAA
AATGAGTTCCCCGACACCGTTCACGGTTTTAGGTGTATGTTAGCAGTTAA
** **.** ** ** ** ** ***** ***.* ****** *: *:** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

ATATTTGCAAGTTTTATCGCAAGATTATTCACCGGATACCCTAGGTTACG
ATATTTGCAACTTTTGTCGCAGGATTATTCACCGGATACGCTTGGGTACG
ATATTTGCAGTTAGTAGAGAAAACTTACTCTCCTGATACATTGGGTTACG
ATATTTGCAACTTTTGTCGCAGGATTATTCTCCAGATACCCTTGGTTACG
ATATTTGCAGTTAGTAGAGAAAACTTACTCTCCTGATACATTGGGTTACG
*********. *: *. .*.*...*** **:** ***** * ** ****

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AGTTAATACGGGATTTAATCTGTATTCTACGTTCCCGTAATTATGTCGAA
AGTTAATACGGGATTTAATTTGTATTTTACGCTCCCGTAGTTATGTCGAA
ATTTGATAAGGGATTTAATCCTGGTAATAAGGGCTAGGAATTATGTCGAA
AGTTAATACGTGATTTAATCTGTATTCTACGCTCCCGTAATTATGTCGAA
ATTTGATAAGGGATTTAATCCTGGTAATAAGGGCTAGGAATTATGTCGAA
* **.***.* ********
.*: **.* * .* *.**********

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GCGAGCTGCAGATATCGTCATTTCTACGCCCGCGTCGAAAGTACGCCGGC
GCGAGCTGCCGATATCGTCATTTCTACGCCCGCGTCGAAAGTACGCCGGC
GCGACCAGCAGATATAATCATTTCCACGCCCGCTTCGAAGGTACGCCGCC
GCGAGCTGCCGATATCGTCATTTCTACGCCCGCGTCGAAAGTACGCCGGC
GCGACCAGCAGATATAATCATTTCCACGCCCGCTTCGAAGGTACGCCGCC
**** *:**.*****..******* ******** *****.******** *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GTCTGAACTTCGGCAGCCCATACACCAACCGTGTTGCTGCCCCCATTGTC
GTCTGAACTTCGGCAGCCCATACACCAGCCGTGCTGCTGCCCCCATTGTC
GTCTCAACTTCGACAGCCCATATGTGAGCCGTGCTGCTGCCCCCATTGTC
GTCTGAACTTCGGCAGCCCATACACCAGCCGTGCTGCTGCCCCCATTGTC
GTCTCAACTTCGACAGCCCATATGTGAGCCGTGCTGCTGCCCCCATTGTC
**** *******.********* . *.***** ****************

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|

CGCGTCACAAAACAACAGGCATGGACAAACAGGCCTATGAACAGGAAGCC
CGCGTCACAAAACAACAGGCATGGACAAACAGGCCTATGAACAGGAAGCC
CGCGTCACCAAAGCAAAAGCATGGGCGAACAGGCCCATGAACAGAAAGCC
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gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CGCGTCACAAAACAACAGGCATGGACAAACAGGCCTATGAACAGGAAACC
CGCGTCACCAAAGCAAAAGCATGGGCGAACAGGCCCATGAACAGAAAGCC
********.*** .*.*.******.*.******** ********.**.**

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CAGAATGTATCGGATGTACAGAAGTCCGGATGTTCCAAAGGGTTGTGAAG
CAGGATGTACAGGATGTACAGAAGTCCAGATGTTCCTAGAGGATGTGAAG
CAGGATGTACAGGATGTACAGAAGTCCAGATGTTCCTAGAGGATGTGAAG
CAGAATGTACCGGATGTACAGAAGTCCGGATGTTCCAAGGGGATGTGAGG
CAGGATGTACAGGATGTACAGAAGTCCAGATGTTCCTAGAGGATGTGAAG
***.***** .****************.********:*..**:*****.*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GCCCATGTAAGGTACAGTCTTTTGAGTCCAGACATGATGTTGTTCATATT
GTCCATGTAAGGTTCAGTCGTTTGAGTCCAGACATGATATTCAGCATATA
GTCCATGTAAGGTTCAGTCGTTTGAGTCCAGACATGATATTCAGCATATA
GTCCCTGTAAGGTACAGTCGTTTGAATCTCGACACGATGTCGTTCATATT
GTCCATGTAAGGTTCAGTCGTTTGAGTCCAGACATGATATTCAGCATATA
* **.********:***** *****.** .**** ***.* : *****:

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GGTAAGGTAATGTGTATTTCTGATGTTACTCGTGGAGTCGGTTTGACCCA
GGTAAAGTAATGTGTGTTAGTGATGTTACTCGTGGTACTGGGCTGACCCA
GGTAAAGTAATGTGTGTTAGTGATGTTACTCGTGGTACTGGGCTGACCCA
GGTAAGGTAATGTGTATTTCGGATGTTACGCGTGGAGTCGGTTTGACCCA
GGTAAAGTAATGTGTGTTAGTGATGTTACTCGTGGTACTGGGCTGACCCA
*****.*********.**: ******** *****:. ** *******

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TCGTATTGGTAAACGTTTTTGTGTCAAGTCAGTTTATGTTTTAGGTAAGA
TAGAGTTGGTAAGAGATTTTGTGTCAAGTCTGTTTATGTGTTGGGTAAGA
TAGAGTTGGTAAGAGATTTTGTGTTAAGTCTGTTTATGTGTTGGGTAAGA
TCGTATAGGTAAGCGTTTTTGTGTCAAGTCAGTTTATGTTTTAGGTAAGA
TAGAGTTGGTAAGAGATTTTGTGTTAAGTCTGTTTATGTGTTGGGTAAGA
*.*:.*:*****..*:******** *****:******** **.*******

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TATGGATGGATGAAAATATAAAGACCAGGAATCACACGAATTCGGTCATG
TATGGATGGATGAGAACATTAAGACGAAGAATCACACGAATAGTGTGATG
TCTGGATGGATGAGAACATTAAGACGAAGAATCACACGAATAGTGTGATG
TATGGATGGACGAGAACATCAAGACCAAGAACCATACGAATTCGGTGATG
TCTGGATGGATGAGAACATTAAGACGAAGAATCACACGAATAGTGTGATG
*.******** **.** ** ***** *.*** ** ******: ** ***

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TTCTTTTTAGTCCGCGATCGACGACCTGTTGACAAACCACAAGATTTTGG
TTTTTCTTGGTTAGAGATCGTAGACCTGTTGATAAACCTCAAGATTTTGG
TTTTTCTTGGTTAGAGATCGTAGACCTGTTGATAAACCTCAAGATTTTGG
TTTTTCCTTGTTCGTGATCGACGACCGGTAGATAAACCACAAGATTTTGG
TTTTTCTTGGTTAGAGATCGTAGACCTGTTGATAAACCTCAAGATTTTGG
** ** * ** .* *****:.**** **:** *****:***********

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TGAGGTATTCAATATGTTTGACAACGAGCCCAGTACAGCAACTGTGAAGA
AGAGGTATTTAATATGTTTGATAATGAGCCCAGTACGGCGACTGTGAAGA
AGAGGTATTTAATATGTTTGATAATGAGCCCAGTACGGCGACTGTGAAGA
TGAAGTATTTAATATGTTTGATAACGAGCCCAGTACGGCGACCGTGAAGA
AGAGGTATTTAATATGTTTGATAATGAGCCCAGTACGGCGACTGTGAAGA
:**.***** *********** ** ***********.**.** *******

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

ATAGTCATAGGGACCGTTATCAGGTGTTGAGGAAATGGCATGCAACCGTT
ATGTTCATCGTGATAGGTATCAAGTTCTGCGCAAATGGTATGCAACTGTC
ATGTTCATCGTGATAGGTATCAAGTTCTGCGCAAATGGTATGCAACTGTC
ACATGCATAGGGATCGGTACCAGGTGTTGAGGAAATGGCATGCAACCGTT
ATGTTCATCGTGATAGGTATCAAGTTCTGCGCAAATGGTATGCAACTGTC
* . ***.* ** .* ** **.** **.* ****** ******* **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

ACTGGTGGTCAATATGCATCGAAGGAACAGGCTTTGGTCAAGAAGTTTAT
ACCGGTGGACAATACGCTTCAAAGGAACAGGCTTTGGTCAAGAAGTTTGT
ACCGGTGGACAATACGCTTCAAAGGAACAAGCTCTCGTGAAGAAATTTAT
ACTGGTGGTCAATATGCGAGTAAGGAGCAGGCATTGGTCAAGAAGTTTGT
ACCGGTGGACAATACGCTTCAAAGGAACAAGCTCTCGTGAAGAAATTTAT
** *****:***** ** : *****.**.**: * ** *****.***.*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CAGAGTTAATAATTATGTTGTTTACAACCAGCAGGAGGCAGGAAAATACG
CAGAGTTAACAATTATGTTGTTTACAATCAACAGGAAGCAGGAAAATACG
TAGAGTTAATAATTATGTTGTGTATAACCAGCAGGAAGCTGGCAAGTATG
TAGGGTTAACAACTACGTTGTTTACAACCAGCAGGAAGCAGGAAAATACG
TAGAGTTAATAATTATGTTGTGTATAACCAGCAGGAAGCTGGCAAGTATG
**.***** ** ** ***** ** ** **.*****.**:**.**.** *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|

AGAATCACACCGAGAATGCATTGATGCTTTATATGGCTTGTACCCATGCT
AGAATCATACGGAAAATGCGTTAATGCTTTATATGGCTTGTACTCACGCT
AGAATCATTCTGAGAATGCTTTAATGTTGTATATGGCGTGTACTCACGCC
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gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AGAATCACACCGAGAATGCATTGATGCTTTATATGGCTTGTACCCATGCT
AGAATCATTCTGAGAATGCTTTAATGTTGTATATGGCGTGTACTCACGCC
******* :* **.***** **.*** * ******** ***** ** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AGTAACCCAGTTTATGCTACGCTTAAGATTCGTATTTATTTTTATGACTC
AGCAACCCTGTTTATGCTACGTTGAAGATTAGGATATATTTTTATGACTC
TCTAACCCAGTGTATGCTACCTTGAAGATACGGATCTACTTCTATGATTC
AGTAACCCAGTTTATGCTACGCTTAAGATTAGAATATATTTTTATGACTC
TCTAACCCAGTGTATGCTACCTTGAAGATACGGATCTACTTCTATGATTC
: *****:** ******** * *****:.* ** ** ** ***** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TGTAACGAATTGAAATTAATAAAGTTTGAATTTTATATCTGAATATTGGT
TGTAACGAATTGATATTAATAAAGTTTAAATTTTATTTCTGAATATTGAT
CGTGAC------AAATTAATAAATATTGAATTTTATTGAAGATGATTGGT
TGTAACGAACTAATATTAATAAAGTTTGAATTTTATATCTGAATATTGGT
CGTGAC------AAATTAATAAATATTGAATTTTATTGAAGATGATTGGT
**.**
*:********* :**.********: .:**: ****.*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CTACATACATTGTTTGAGTAATTACATTGTACAATACATGTTCAACGGCT
CTACATACATAGTTTGTTGGATTACATTGTACAATACATGTTCTACAGCT
CTACAAATACAACATGTTGTAATACATTCCATAATACATGATCAACTGCT
CTACATACATTGTTTGATTAATTACATTGTACAATACATGTTCAACGGCT
CTACAAATACAACATGTTGTAATACATTCCATAATACATGATCAACTGCT
*****:* * :. :**:
*:****** * ********:**:** ***

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TTAATAACTAAATTAAGTGAGATTACACCTAGATTGTTGAGATATTTGAG
TTAATAACTAAATTAATTGAAATTACACCGAGATTGTTCAGATATTTGAG
CTAACTACATTATTAATACTGACAATTCCTAAGTTATTTAAATATTTAAG
TTAATAACTAAATTAAGTGAGATTACACCTAGATTGTTGAGATACTTGAG
CTAACTACATTATTAATACTGACAATTCCTAAGTTATTTAAATATTTAAG
*** :**:::***** : :.* :* :** *..**.** *.*** **.**

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GACTTGGGTTTTGAATACCCTTAAGAAAAGACCAGTCGGAGGGTGTAAGG
GACTTGGTTTTTGAATACCCTTAAGAAAAGACCAGTCTGAGGCTGTAAGG
CACTTGAGTCCTAAAGACCCTTAAGAAACGACCAGTCGGAGGCTGTGAGG
TACTTGGGTTTTGAATACCCTTAAGAAAAGACCAGTCGGAGGGTATAAGG
CACTTGAGTCCTAAAGACCCTTAAGAAACGACCAGTCGGAGGCTGTGAGG
*****. * *.** ************.******** **** *.*.***

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TCGTCCAGATTCGGAAGGTTAGAAAACACTTGTGCACTCCCAGAGCTTTC
TCGTCCAGATTCGGAAGGTTAGAAAACACTTGTGCAGTCCCAGAGCTTTC
TCATCCAGATTCGGAAAGCTATGAAACATTTGTGTATCCCCAACGCTTTC
TCGTCCAGATTCGGAAGGTTAGAAAACACTTGTGCACTCCCAGAGCTTTC
TCATCCAGATTCGGAAAGCTATGAAACATTTGTGTATCCCCAACGCTTTC
**.*************.* ** .***** ***** * ****..******

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CGTAGGTTGTAGTTGAAATGGATCCTGATCGTGAGTATGTCCATGTTCGT
CGCGTGTTGTAGTTGAACTGGATCCTGATCGTGAGTATGTCCATATTCGT
CTCAGGTTGTGATTGAACTGGATCCTGATCATGAGTATATCCATATTCGT
CGAAGGTTGTAGTTGAATTGGATCCTCATTGTTATGATGTCCATGTTCGT
CTCAGGTTGTGATTGAACTGTATCTGGACGGTGATGATGTCTCTGTTCAT
* . *****..***** ** ***
* .* * **.** .*.***.*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CGTGAATGGACGGTTGTCGTGGCTGAGGATCTTGAAATAGAGGGGATTTG
CGTGAATGGACGGTTGACGTGGCTGATGATCTTGAAATAAAGGGGATTTG
CGTGAATGGACGGTTGACGTAGCTGATGATCTTGAAATAGAGGGGATTTG
CGTGAATGGACGGTTGTCGTGGCTGAGGATTTTGAAATAAAGGGGATTTG
TAGGAATGCTCGATTGTGGTGCTCTGTTATCTTGAAATACAGGGGATTTT
. ***** :**.***: **.
. ** ******** *********

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GAACCTCCCAGATATAGACGCCATTCGTTGCTTGAGCTGCAGTGATGGGT
GAACCTCCCAGATATATGCGCCATTCCCTGCTTGAGCTGCAGTGATGGGT
GAACTTCCCAGATATATGCGCCATTCCCTGCTTGAGCTGCAGTGATGGGT
GAACCTCCCAGATAAAGACGCCATTCGTTGAATGAGCTGCAGTGATGCGT
GAACCTCCCAGATAAACACGCCATTCTCTGCTTGAGCTGCAGTGATGAGT
**** *********:* .******** **.:*************** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TCCCCTGTGCGTGAATCCATGGCTGTGGCAGTTGATTGACAGATAATAAG
TCCCCTGTGCGTGAATCCATGGTTGTGGCAGTTGATTGACAGATAATAAG
TCCCCTGTGCGTGAATCCATGGTTGTGGCAGTTGATTGACAGATACTAAG
TCCCCTGTGCGAGAATCCATGGTTGTGGCAGTTGATACTTAGGTAATAGC
TCCCCTGTGCGTGAATCCATGGTTGTGGCAGGCTAATGCTATGAAGTACG
***********:********** ********
*::
* .:* **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|

AACACCCGCATTCAAGATCTACTCTCCTCCTCCTGTTGCGCCTCTTCGCT
AACACCCGCATTCAAGATCTACTCTCCTCCTCCTGTTGCGCCTCTTCGCT
AACACCCTCATTCAAGATCTACTCTCCTCCTCCTGTTGCGTCTCTTCGCT
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gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TGCATCCACATTCAAGATCCACTCTCCTCCTCCTGGTCCTCCTCTTGGCC
AACACCCACAAGGGAGATCAACTCTCCGACGTCTGGTCCCCTTCTTGGCT
:.** ** **: .***** ******* .* *** * *
**** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TCTCTGTGCTGTACTTTGATTGGTACCTGAGTACAGGGGTCCTTCAAGTG
TCCCTGTGCTGTACTTTGATTGGTACCTGAGTACATGGGTCTATCAAGTG
TCCCTGTGCTGTACTTTGATTGGAAGCTGAGTACAGTGGTCCTTCGAGAG
TCCCTGTGCTGGACTTTGATGGGCAATTGAGTACAGTGGTTCCTCGAGGG
AGCCTGTGCTGCACTTTGATTGGAACCTGAGTAGAGTGGGCTCTCGAGGG
: ******** ******** ** * ****** * **
**.** *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TGACGAAGATCGCATTCTTTACTGCCCAGTTCTTTAGTGCGGTGTTCTTT
TGATGAAGATCGCATTCTTTAAAGCCCAATTTTTTAGTGCAGAATTCTTC
TGATGAAGGTTGCATTTTTTAAGGCCCAATTCTTTAATGATGTGTTTTTT
TGATGAAGACTGCATTCTTAACTGCCCAGTTTTTTAGGGCTTGGTTCTTT
TGATGAAGATTGCATTCTTTAAAGCCCAATTTTTGAGTGCAGAATTCTTC
*** ****. ***** **:*. *****.** ** *. *.
.** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TCCTCGTCTAGGAATTCTTTATAACTGCTGTTGGGACCAGGATTGCACAA
TCTTCATCCAAAAACTCTTTATAGCTAGAATTGGGTCCTGGATTGCAGAG
CCCTCGTTGAGGAATTCATTATAACTGCTGTTCGGACCAGGATTGCACAG
TCCTCGTCCAGATATTCTTTATAAGATGAGTTTGGCCCAGGATTGCAGAG
TCTTCATCCAAAAACTCTTTATAGCTTGAATTGGGTCCTGGATTGCAGAG
* **.* *..:* **:*****. : :.** ** **:******** *.

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GAAGATTGTCGGTATCCCGCCTTTAATTTGAACTGGCTTCCCGTATTTTG
GAAGATGGTGGGAATTCCGCCTTTAATTTGAACTGGCTTCCCGTATTTTG
GAAGATTGTCGGTATCCCGCCTTTAATTTGAACTGGCTTTCCGTATTTTG
GAAGATTGTGGGTATTCCACCTTTAATTTGAACTGGCTTCCCGTACTTTG
GAAGATAGTGGGAATTCCGCCTTTAATTTGAACTGGCTTCCCGTATTTTG
****** ** **:** **.******************** ***** ****

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TGTTGGACTGCCAGTCTCTTTGGGCCCCCATGAACTCTTTAAAGTGTTTG
TATTTGATTGCCAGTCCTTTTGGGCCCCCATGAACTCCTTAAAGTGCTTT
TGTTGGACTGCCAGTCTCTTTGGGCCCCCATGAACTCTTTAAAGTGTTTG
TGTTTGATTGCCAGTCCCTTTGGGCCCCCATGAACTCTTTAAAGTGCTTG
TATTTGATTGCCAGTCCTTTTGGGCCCCCATGAACTCCTTAAAGTGCTTT
*.** ** ******** ******************* ******** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AGGAAATGCGGGTCGACGTCATCAATGACGTTGTACCAGGCGTCGTTACT
AGGTAATGTGGGTTGACGTCATCAATGACGTTAAACCAGGCGTCATTACT
AGGAAATGCGGGTCGACGTCATCAATGACGTTGTACCAGGCGTCGTTACT
AGGAAGTGCGGATCGACATCATCAATGACGTTATACCACGCATCATTGCT
AGGTAATGCGGGTCGACGTCATCAATGACGTTAAACCAGGCGTCATTACT
***:*.** **.* ***.**************.:**** **.**.**.**

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GTAGACTTTGGGACTCAAGTCCAGATGTCCACACAAATAGTTATGTGGTC
GTATACCCTTGGGCTCAGATCTAGATGTCCACACAGATAATTATGTGGAC
GTATACTTTGGGACTCAGGTCCAGATGTCCGCACAAATAGTTATGTGGTC
GTAAACTTTGGGGCTTAAATCTAAATGACCGCATAAGTAATTATGAGGCC
GTATACCCTTGGGCTCAGATCTAGATGTCCACACAGATAATTATGTGGAC
*** ** * **.** *..** *.***:**.** *..**.*****:** *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CCAATGACCTAGCCCACATCGTTTTCCCCTTTCGACTATCTCCCTCAATT
CTAATGATCTGGCCCACATCGTCTTCCCCGTCCTACTGTCACCCTCAATC
CCAATGATCTAGCCCACATCGTCTTCCCCGTTCGACTATCTCCCTCAATT
CTAATGACCTAGCCCACATCGTTTTACCCGTACGACTGTCTCCCTCAATC
CTAATGATCTGGCCCACATCGTCTTCCCCGTCCTACTGTCACCCTCAATC
* ***** **.*********** **.*** * * ***.**:********

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

ACTATACTCCGAGGTCTAAGGGGCCGCGCAGCGGCATCGACAACGTTATC
ACTACACTTATTGGTCTATTGGCCCGCGCAGCGGCACTGACGACGTTCTC
ACTATACTCCGAGGTCTAAGGGGCCGCGCAGCGGCATCGACAACGTTATC
ACTATACTTTGAGGCCTCAGAGGCCGCGCAGCGGCATCCATGACATTCTC
ACTACACTTATTGGTCTATTGGCCCGCGCAGCGGCACTGACGACGTTCTC
**** ***
:** **.: .* *************
* .**.**.**

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GATGGCCCAAACTTCAAGTTCTTCTGGAACTTGATCGAAAGAAGAAGGAG
GGCAGCCCACACTTCAAGTTCTTCTGGAACTTGATCGAAAGAAGAAGAGG
GATGGCCCAAACTTCAAGTTCTTCTGGAACTTGATCGAAAGAAGAAGGAG
GGAGACCCACTCTTCAAGTTCTTCAGGAACTTGATTAAAAGAAGAAGATA
GGCAGCCCATACTTCAAGTTCTTCTGGAACTTGATCGAAAGAAGAAGAGG
*. ..**** :*************:********** .**********. .

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|

AAAAAGGAGAAATATAGGGAGCCGGTGGCTCCTGAAAGATTCTGTCTAGA
AAAAAGGAGAAACATAAGGAGCTGGTGGCTCCTGAAAGATTCTGTCTAGA
AAAAAGGAGAAATATAGGGAGCCGGTGGCTCCTGAAAGATTCTATCTAGA
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gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AAAAAGGAGAAACATAAACCTCCAACGGAGGAGTGAAAATCCTATCTAAA
AAAAAGGAGAAACATAAGGAGCTGGTGGCTCCTGAAAGATTCTGTCTAGA
************ ***.. . * .. **. . .**.** **.****.*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TTTGCATTTAAATTATGAAATTGTAGTACAAAATCTTTAGGAGCTAGTTC
TTTGCATTTAAATTATGAAATTGCAGTACAAAATCCTTAGGAGCTAGTTC
TTTGCATTTAAATTATGAAATTGTAGTACAAAATCTTTAGGAGCTAGTTC
TTACTATTTAAATTATGATATTGAAAAATAAATTTTTCTGGGAGTTTTTC
TTTGCATTTAAATTATGAAATTGCAGCACAAAATCCTTAGGAGCTAGTTC
**: *************:**** *. * ***:* * :**.. *: ***

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CTTAATGACTCTAAGAGCCTCTGACTTACTGCCTGCGTTAAGTGCTGCGG
CTTAATGACTCTAAGAGCCTCCGACTTACTTCCCGCGTTAAGTGCTGCGG
CTTAATGACTCTAAGAGCCTCTGACTTACTGCCTGCGTTAAGTGCTGCGG
CCTTATTATAGCCATAGCTGCTTCTTTAGAACCTGCATTTAGGGCTTCTG
CTTAATGACTCTAAGAGCCTCCGACTTACTTCCCGCGTTAAGTGCTGCGG
* *:** * : .* *** * . *** : ** **.**:** *** * *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CGTAAGCGTCGTTGGCTGTCTGTTGTCCTCCTCTTGCTGATCTTCCATCG
CGTAAGCGTCATTGGCTGTCTGTTGCCCTCCTCTTGCTGACCTTCCGTCG
CGTAAGCGTCGTTGGCTGTCTGCTGTCCTCCTCCTGCTGATCTTCCATCG
CAGCAGCATCATTAGCTGTCTGTTGACCTCCTCTTGCAGATCTTCCATCG
CGTAAGCGTCATTGGCTGTCTGTTGCCCTCCTCTTGCTGACCTTCCGTCG
*. .***.**.**.******** ** ******* ***:** *****.***

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

ATCTGAAACTCTCCCCACTCGAGGGTGTCCCCGTCCTTCTCGATGTAGGC
ATCTGAAATTGCCCCCAGTCGAGAATGTCCCCGTCCTTCTCGGTGTAGGA
ATCTGAAACTCTCCCCACTCGAGAGTGTCCCCGTCCTTGTCGATGTAGGC
ATCTGAAATGTGCCCCAGTCGATGTAATCTCCGTCCTTCTCGATGTAGGA
ATCTGAAATTGCCCCCAGTCGAGAATGTCCCCGTCCTTCTCGATGTAGGA
********
***** **** . :.** ******** ***.******.

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CTTGACATCTGAGCTTGATTTAGCTCCCTGAATGTTCGGATGGAAATGTG
TTTGACGTCGGAGCTGGATTTAGCTCCCTGTATGTTCGGATGGAAATGTG
CTTGACATCTGAGCTTGATTTAGCTCCCTGAATGTTCGGATGGAAATGTG
CTTAACATCAGAGCTGGACTTAGCTCCCTGGAAGTTTGGATGGAATTGGG
TTTGACGTCGGAGCTGGATTTAGCTCCCTGTATGTTCGGATGGAAATGTG
**.**.** ***** ** *********** *:*** ********:** *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CTGATCTGGTTGGGGATACCAGGTCGAAGAATCTGTTATTCGTGCATTGG
CTGACCTGCTTGGGGAGACCAAGTCGAAGAATCGCATATTCTGGCACTTG
CTGACCTGGTTGGGGATACCAGGTCGAAGAATCTGTTATTCGTGCAGACG
TGGAGGTATGAGGGTGAGTGACATCGAAATGTCTGGGGTTTCTGAACTTG
CTGACCTGCTTGGGGAGACCAAGTCGAAGAATCGCATATTCTGGCACTTG
** *. :*** . . * .*****.:.**
.**
*.* : *

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TACTTCCCCTCGAACTGGATGAGCACGTGAAAATGAGGTTCCCCATTTTC
AAATTCCCTTCGAACTGGATGAGAACATGCAAGTGAGGAGTCCCATCTTC
AATTTGCCCTCGAACTGGATGAGCACATGGAGATGAGGGCTCCCATCTTC
GCTTTACCTTTGAATTGGATGAGTGCATGGATATGCAGAGACCCATCTTG
AATTTCCCTTCGAACTGGATGAGAACATGCAAGTGAGGAGTCCCATCTTC
. ** ** * *** ******** .*.** * .**..*
***** **

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GTGAAGCTCTCTGCAGATCTTGATGTATTTTTTGTTTACTGGGGTATGTA
GTGAAGCTCTCTGCAGATTCTAATATATTTTTTTGAAGTTGGGGTTTGTA
GTGTAACTCTCTGCAGAGTTTGATATATTTTTTATTCGAGGGTGTGTTGA
GTGTTTTTCTTGTGCAACCCTAATGAATAATTTGTCTGAAGGGCATGAAA
GTGAAGCTCTCTGCAGATTCTAATATATTTTTTTGAAGTTGGGGTTTGTA
***:: ***
..*
*.**.:**::***
. ** :
*

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GGTTTTGTAATTGGGAGAGGGTTTCTTCTTTAGTTAGAGAGCATTTGGGA
TATTTAATAATTGGGAAAGTGCTTCCTCTTTGGTGAGAGAACATTTGGGA
TGGCTTGAATTTGGGAAAGTGCTTCCTCTTTAGTGAGTGAGCACTGTGGA
TGTTAGATAATATATCTAACATCTGTTCTTTTGGAATTGGGCATTTTGGG
TATTTAATAATTGGGAAAGTGCTTCCTCTTTGGTGAGAGAACATTTGGGA
. : .:*:*: . . *. . * ***** * * :*..** * **.

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TAAGTGAGGAAGTAGTTTTTGGCGTTTGTTTTTAAGG---CACGTGGCAT
TAAGTGATGAAATAGTTTTTGGAATAAATACCGTTCCGCTTTGGAGGCAT
TAAGTGATGAAATAGTTTTTGGCTTGTACTTTAAAACGTTTGGGGG---G
AAAGTAAGAAAAATATTTTTTGCATTTATGCAAAAAGAATTATTTC---T
TAAGTGATGAAATAGTTTTTGGAATAAATACCGTTCCGCTTTGGAGGCAT
:****.* .**.::.***** *. * :.
::

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|

TTTGGCAATCGGTGTACACT---CTAATTCTCTGGCAAT------CGGTG
GTTGACTAAAATTGATCACCGATTGACCGCTCTTGCAACTCTCCCCGGTA
AGCCATTGACTTTGGTCAATTAGAGACAACTGATGGGCTTTTACTCTGGG
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gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

GGGCATT-----TTTGCTATCGGGGACACTTAAAACTCATATCAATTGGG
GTTGACTAAAATTGATCACCGATTGACCGCTCTTGCAACTCTCCCCGGTA
. :
*
*:.
*.
* : . .
* .

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

TAACGGG----GTGCAATATATAGGTGTACCCCAAATGGCATTTACG--T
TATCGGT----GATCAATATATAG-TGATCACCAAATGGCATAATGG--T
AATTGGAGACTGGATACAATTTATATTGTCTCCAAATGGCATATTCTGTA
GACACTG---GGGACTCATTTATACTGCGTCCCTAAATGGCATAAATGTA
TATCGGT-----GATCAATATATAGTGATCACCAAATGGCATAATGG--T
*
.:::::: *
**:**: * .::::
:

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

AATTTGGGAAAG-TAATTCAAAATCCTCACGCTCCA---------AAAAG
AATAAAAAAACTTTAATTTGAAATTCAAACCAAAAGG-------CTAAAG
AATAACTAGAAGTTCGTTTGAAATTCAAATTCCCCTTTAGGGTCCAAAAG
AATATTTGCCTTTATGTTTGAATTTCAAATTCCAAACGCT--CCAAAAAG
AATAAAAAAACTTTAATTTGAAATTCAAACCAAAAG-------GCTAAAG
***:: . .
: .** .**:* *:.* . ..
:****

gi|364783868|gb|JN558352.1|
gi|16507262|ref|NC_003199.1|
gi|224591438|ref|NC_012137.1|
gi|28872846|ref|NC_004582.1|
gi|28872853|ref|NC_004583.1|

CGGCCATCCGTATAATATT
CGGCCATCCGTTTAATATT
CGGCCATCCGTATAATATT
CGGCCATCCGTATAATATT
CGGCCATCCGTTTAATATT
***********:*******
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