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ABSTRACT

Hunger and malnutrition are major issues that plague much of the world's population of
almost 7.5 billion and are estimated to be up to 9 billion by 2050. So, needs new strategies to
feed the world. The most expected outcome of the heterosis breeding program is to get a
hybrid superior in traits of interest i.e., yield, quality, and growth characteristics. But this
statement is not true for always. In addition, they can be inferior and the underlying
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mechanism behind this is still unknown and understood to date limiting hybrid stability. In  p,.

this review, we focussed on a novel plant breeding strategy using engineered meiosis i.e.,

https://doi.org/10.61739/TBF.2023.12.2.365

gene silencing to create 100% true homozygous parental lines instead of nearly

homozygous inbred lines of conventional plant breeding programs along with genetic tools
of reverse genetics i.e., insertional mutagenesis, ectopic expression, and Target Induced
Local Lesionsin Genome (TILLING) for functional plantgenomics.
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1.Introduction

The most expected outcome of the heterosis breeding program
is to get a hybrid superior in traits of interest i.e., yield, quality,
and growth characteristics. But this statement is not true for
always. In addition, they can be inferior and the underlying
mechanism behind this is still unknown and understood to date
limiting hybrid stability. So, we can consider this approach as an
unpredictable type of approach limiting outcomes of heterosis
breeding. In this review, our focus is on discussing the ef iciency
of this novel plant breeding strategy using engineered meiosis
i.e., reverse breeding utilizing gene silencing mechanism to
suppress meiotic recombination and focus on the trait of
interest [1]. This strategy uses 100% true homozygous parental
lines instead of nearly homozygous inbred lines of conventional
plant breeding programs [2]. The prime objective of any plant
breeding program is to get a suf icient amount of variation. The
main limitation behind the picture is the maintenance of
unknown heterozygotes through seeds. Desired favorable
alleles might be lost in the F, generation due to segregation.
Because of this fact, we can think of a novel plant breeding
technique i.e., reverse breeding. Although, the conventional
breeding program contributed to various agronomic traits
improvements like yield and quality skilled labor, time and
capital investmentis the limiting factor to date which is the main
cause of lagging for further improvement. These breeding
techniques require a large time period (4-8 years) to generate
the new desirable traits in plants. With the help of reverse
breeding, we can produce the ambient number of new desirable
hybridsinashortertimei.e,, 1.5-2 years.

CORRESPONDING AUTHOR: Shivam Sharma
& Anuj Choudhary

E-MAIL ID: ajchoudhary784@gmail.com

COPYRIGHT:
© 2023 by the authors. The license of Theoretical
Biology Forum. This article is an open access article
distributed under the terms and conditions of the
Creative Commons Attribution (CC BY) license
(http://creativecommons org/licenses/by/4.0/).
Hybrid vigor is a must to generate/produce highly productive
and potentially farmer/consumer-preferred crop varieties [3].
Although, the conventional breeding program allows to
development of homozygous inbred lines through continuously
sel ing homozygous inbred lines developed by this strategy are
not 100% homozygous i.e., nearly homozygous. In addition,
desirable heterozygous accession stability via a hybrid seed
multiplication program is not possible at all due to segregation
in the F, generation [4]. Due to this fact, we have to focus on the
genetic improvement of parental lines for enhancing hybrid
vigor and thereby, improving outcomes of heterosis breeding.
However, the development of apomictic lines can be used to
reserve heterozygous phenotypes, but to date, it is neither
applied commercially nor contributed to any signi icant crop
improvement program as achievement of genetic gain can be
possible through parental linesimprovement [5].
From the earliest time to till date breeding strategy for heterosis
breeding is still dependent on the plant breeder's experience
and outcomes of the progeny test in which individual plant
progenies are evaluated. Further for distinguishing di erent
heterotic groups test cross of selected progenies with their
tester is done. This pattern makes it so long i.e, taking a
minimum period of 6-7 years with the possibility that the
heterotic pattern may be changed with the course of time having
low ixation frequency of favorable genes and their
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combinationsin desirable populations.

Production of complementing homozygous parental lines
through gene silencing is the leading goal of reverse breeding in
which gene silencing is employed to remove meiotic crossing
over by targeting speci ic genes involved in the formation of
chiasmata and synaptonemal complex i.e.,, MSH5; SmDMC1 in
Solanum melongena, BOMSH5;, BoDMC1 in Brassica oleracea and
LeDMC1 in Solanum lycopersicon [6]. The reverse breeding
concept is based on the selection of an "end product" obtained
through traditional breeding at the start of the breeding cycle
[7].

Hence it cracks the limitation of hybrid instability by producing
complementing homozygous parental lines [6]. This is achieved
by targeting genes responsible for crossover formation followed
by the selection of non-recombinants from homozygous
doubled haploid lines. It also facilitates the production of
chromosome substitution lines (CSLs) to evaluate epistatic
interactions at the individual chromosome level. Unlike
conventional breeding programs, it generates 100% true
homozygous parental lines instead of nearly homozygous.
Hence this technique isgoing to be useful in planning productive
heterosis breeding programs it adds an extra bit of ef icacy
when compared with conventional breeding programs.
Moreover, reverse genetics deals with the integration of
desirable genetic sequences having speci ic e ects on living
organisms and helps to study plant functional genomics by
which several plant genomes are already sequenced [8]. Being a
powerful tool, it forms a direct connection between biochemical
gene product function and its application in vivo conditions [9].
This strategy begins with DNA or protein lacking genetic
information to end up with a mutant phenotype carrying a
mutant gene [10]. Hence both techniques together not only
favor stability ixation of unknown heterozygotes but also allow
additional applications in terms of plant functional genomics
and chromosomal substitution lines providing an advantage
over clonal propagation for the future crop improvement
program.

2.Mechanism

Achiasmatic meiosis, i.e.,, meiosis without the chiasmata
formation is the main mechanism behind reverse breeding
[Fig.1]. There will be no homologous chromosome pairing, no
bivalent formation, no crossing over, and hence no
recombination, and all this is achieved through gene silencing
[11]. In angiosperms, synapsis favors the generation of cross-
over in prophase | of meiotic division. The whole process is
mediated by a proteinaceous structure known as a
synaptonemal complex. During the pachytene stage, crossing
over results in the joining of 2 homologous chromosomes to
formbivalents. Chiasmata represents the site of crossovers after
the formation of the synaptonemal complex and remained the
same until anaphase came followed by their movement to
opposite poles.

Achiasmatic meiosis occurs during meiosis |, whereas meiosis I1
proceeds normally. Allele recombination is in luenced by
crossing over followed by homologous chromosome orientation
at the metaphase plate. On the other side, achiasmatic
chromosomes do not form recombinants and remain univalent.
Unlike univalent, bivalent favors the movement of homologues
toward opposite poles instead of the same pole due to a lack of
chiasmatainunivalent[12].

Here our main motive is to clear that the presence of a single
crossing-over does not provide any limitation in the utilization
ofasuccessful reverse breeding program. These bivalents

segregate towards opposite poles. There are other homologous
which remain univalent. These univalents segregate randomly
towards the opposite poles. With the end of Telophase I1, only 50
% of gametes are desirable i.e,, out of 4 gametes, 2 will be
recombinant while the rest 2 non-recombinants are used
further for running a desirable reverse breeding program. In
normal meiosis, the bivalent segregates towards the opposite
poles. But in the case of achiasmatic meiosis, there is a non-
disjunction of homologous chromosomes, which means
univalent segregate randomly towards any pole. Here, both the
univalent move towards the same pole which results in the
production of unbalanced gametes which are sterile and of no
usein reverse breeding programs.

2.1 Probability of getting balanced gametes

Considering a situation where every formed univalent has the
same chance of migration to opposite poles, then in that case
probability of getting a balanced chromosome complement will
be (1/2"), with, X= haploid set of chromosomes. Arabidopsis
thaliana (2x=10) is considered as “Drosophila of Plant
Kingdom” as multiple genes have been transferred to brassicas,
probability of getting a balanced gamete will be (1/2°), i.e., one
out of 32 with a 3% success rate. Hence success rate of reverse
breeding gets declines when the basic chromosome number
exceeds 12 as a large screening population is required with a
known probability of less success rate appears to be a quite risky
factor limiting the success of reverse breeding.

2.2 Probability of getting complementing homozygous

parentlines

1. 2" (X=basicchromosome no.) represents the highest DHs in
numbers gained from a diploid heterozygous plant in the
reverse breeding experiment (Table 1).

2. So,the possibility of getting 2 double haploids (DHs) to form
a pair of “complementing homozygous” parental lines will
be (*2)".

3. Theprobability that if any two DHs, when crossed with each
other then there will be no possibility of genetic
reconstruction of the parent used in the program is = (1 -
1/2%).

4.  Moreover, n (n-L)~2. (n=no. of double haploids) will be the
probability of getting no. of combination with di erent
double haploids (DHs) with the condition that on
attempting reciprocal crosses it will generate the same
phenotype.

5. The possibility of getting no complementary doubled
haploids (DHs) within the screening population will be [(2*
1)/2x]n(n—1,)4].

6. Out of 2 DHs, the frequency of getting 1 complementing
homozygous parental line combination will be 1 - [(2-1)~
21"™"7]. Hence huge population is required to be screened
togetbalanced gametes

3.Reverse breeding and genetics strategies
Reverse breeding and genetics for studying plant functional
genomics involve di erent strategiesi.e., gene silencing, ectopic
expression, insertional mutagenesis, and TILLING, having their
speci ic bene its and bottlenecks (Table 2). Based on the goal of
reverse genetics these approaches must be selected carefully for
asuccessful plantfunctional genomics program.

3.1 Gene silencing strategies i.e.,, RNA interference (RNAI),
Dominant-negative mutations (DNMs), Virus-Induced Gene
Silencing (VIGS), and Grafttransmission
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3.2 Insertional mutagenesisi.e., Transposonand T-DNA
3.3 TargetInduced Local Lesions in Genome (TILLING)

3.1 Gene silencing strategies: Reverse breeding is employed
to identify parental lines of unknown heterozygotes i.e.,
requires gene silencing strategies for suppression of meiotic
recombination [28]. First of all, we select the elite heterozygous
plant and it is then subjected to the suppression of meiotic
recombination so that the desired allelic combinations can be
reconstituted. New allelic combinations will not be formed by
suppressing the crossing over. As a result, we obtain the
spores/gametes containing random combinations of
maternally or paternally inherited chromosomes[6].

3.1.1 Suppression of meiotic recombination: It can be done
either by producing gametes directly from heterozygotes or, by
suppressing of recombination during spore formation. The
latter can be achieved by suppressing genes involved in meiotic
recombination which further involves four types: a) RNA
interference (RNAIi)/siRNAs, in which gene silencing works at
the post-transcriptional stage,(b) Dominant-negative
mutation,(c) Virus-induced gene silencing (VIGS) i.e., used in
crops like cotton, tomato, lettuce and soybean where getting
stable transformantsisadif icult task (d) Graft transmissioni.e.,
silencing molecules from rootstock are transferred to scion at
the site of action and (e) Recombination inhibiting chemicals.

a) RNA interference (RNAi)

RNAI in eukaryotes sequence-speci ic nucleotides regulate
expression of a gene either at transcriptional/TGS or post-
transcriptional level gene sequencing/PTGS which get activated
when RNA becomes double-stranded i.e., in nature, this takes
place due to pathogenic attack in response to natural defense
system [29], [30], [31]. With the help of RNAI target genes
involved in the construction of chiasmata, chromosome pairing,
and gene conversion are silenced [32] Table 3). RNAI induces
PTGS (Post Transcriptional Gene Silencing). Moreover, the most
essential elements of the RNAI pathway are di erent proteins
viz., Argonaute (AGO), and Dicers for their antiviral role at
di erentlevels[33],[34],[35]. Andrew Fireand CraigMellogot
the “Noble Prize in Physiology or Medicine” in 2006 for the
detection of RNAi mechanism in nematodes i.e., Caenorhabditis
elegans. In addition, “Science Magazine” 2002 named it
"Technology/Breakthrough of the Year" owing to its
importance. Moreover, it can be used for biotic and abiotic
disease resistance i.e., [36] developed potato virus X (PVX)
varieties namely “Katahdin, Russet & Burbank" by
targeting/silencing the VbMS gene. Moreover, the intensity of
RNAIi gene silencing can be altered by the presence of
biochemicals (enhancer/retarder) present within the plant
system. [37] in their study concluded that the vast majority of
chemicals were enhancers namely, ortinl andisoxazolone
providing the most signi icant and consistent result in
Arabidopsis thaliana making it "Drosophila of Plant Kingdom"
and the most suitable for successful reverse breeding, and
genetics program.

b) Dominant-negative mutations

Antimorphs (dominant-negative mutations) inhibit the target
gene expression when interacting with the target gene [38].
Overexpression of these antimorphs leads to the formation of
malfunctioned subunits. These malfunctioned subunits then
interactwith the target gene leading to the formation ofa

poisoned dimer (which is an otherwise normal subunit that
leads to the formation of a dimer). The poisoned dimer then
leads to the inhibition of target gene expression [39]. Here,
genes encoding oligomeric protein are targeted leading to
truncated polypeptide formation. These are deleterious and
lead to speci ic loss of function. [40] also found a reduced
amount of water loss as compared to control on overexpression
of dominant-negative mutant gene OsKAT2 (T235R) re lecting
the importance of dominant-negative mutation in plant
functional genomics.

c) Virus-induced gene silencing (VIGS)

A.van Kammen was the irst person to use "VIGS" to explain the
event of recovery from virus infection [41]. Although RNAI is
highly ef icient and commercially utilized in the majority of
crops cotton, lettuce, and tomato, getting stable transformants
for the meaningful reverse breeding program is still lacking. In
that case, Virus-induced gene silencing (VIGS) proves an
e ective and ef icient tool for functional plant genomics in
which at least 50 VIGS vectors are already designed to date
which majority of them were developed for dicotyledonous
plants i.e., RNA-based (Table 4; [1], [57]). Upon plant infection
with the virus, defense response gets activated cleaving viral
RNA with type 11l endonucleases i.e., DICER-like enzyme yield
give rise to multiple copies of siRNA which act on plant
endogenous mMRNA with RNA interfering silence complex i.e.,
RISC[58], [59].

d) Transmission by grafting

Suppression of target gene expression occurs in the scion. siRNA
and miRNA move from GM rootstock to non-GM scion and then
lead to gene silencing in the scion. Grafted tobacco rootstock
re lecting RNA-directed DNA methylation (RdADM) against
cauli lower mosaic virus (CaMV) on non-transgenic scion
revealed a low level of DNA methylation for CaMV 35S promoter
in the scion [60]. On the contrary, [61] concluded that variation
in vascular cambium with cytoskeleton from cell to cell via
plasmodesmata determines the frequency and success rate of
gene silencing varying from crop to crop. A grafting experiment
by [48] re lected that the presence of DICER-LIKE2 (DCL2) is a
must in scion to receive the signal from the transgenic rootstock
of Nicotiana benthamiana to carry out successful post-
transcriptional gene silencing (PTGS). ACC oxidase 1 (ACO1)
overexpression lines of tomato produced siRNA when grafted
on transgenic rootstock enhancing gene silencing in pre-existed
gene silencing plants [62]. Continuing the same result, [63]
evaluated the ACO1 antisense (AS) line with an upgraded level of
antisense ACO1 transgene mMRNA while the downgraded level of
siRNAs to strong ACO1 gene silenced rootstock revealed a
decreased level of ASmRNA i.e., 2 weeks after grafting.

3.1.2 Production of Doubled Haploids

Spores/gametes give rise to haploid plants which are sterile and
these haploid plants are then subjected to the formation of
doubled haploids [Fig.2; 64]. These doubled haploids are the
lines containing random combinations of maternally or
paternally inherited chromosomes [65]. According to well-
established protocols various in-vitro and in-vivo methods can
be utilized [66]. In-vitro methods included (i) Androgenesis:
Anther-Pollen culture [67], (ii) Gynogenesis: Ovary-Ovule
culture, and (iii) Embryogenesis while in-vivo methods include
haploidization by wide and intra-speci ic crosses. Colchicine
treatment is given to the obtained haploid plantlets and
embryos to obtain doubled haploid plants [68].
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3.1.3 Screening homozygous complimentary parental lines
through marker-assisted selection

Thevarious Doubled Haploid Lines (DHLs) are obtained. Among
these, we have to ind out the complimentary lines that when
combined, result in the production of a desirable F, hybrid [69].
Therest of the DH lines which do not complement each other are
discarded due to GMO legislation imposed by the European
Union (EV).

3.2 Insertional mutagenesis

Transposon and T-DNA insertional mutants are released to
create alternation in the target gene of interest through PCR
screening to study gene function [70], [71]. Insertional
mutagenesis favors speci ic mutation in which a low frequency
of recombination for homologous chromosomes is there [72].
The highly e ective and ef icient strategy for insertional
mutagenesis is gene disruption [73]. The ef iciency of this
technique depends upon transformants generated along with
PCR screening to identify introduced mutations utilizing lines
within desirable genes [8]. In comparison, transposons possess
multiple advantages over T-DNA with the production of multiple
linesfrominitial linesand viarecombination [74].

3.3 TargetInduced Local Lesions in Genome (TILLING)
Target Induced Local Lesions in Genome (TILLING)
methodology is utilized for screening and mapping of induced
point mutations. Credit for developing this technique goes to the
Heniko laboratory aimed to screen EMS (Ethyl Methane
Sulfonate) treated Arabidopsis thaliana desirable mutant alleles
[9]. To date, many TILLING projects are running across the globe
(Table 5). TILLING integrates traditionally used mutagenesis
along with genome screening for a point mutation in the gene of
interest [75]. The reasons behind its wide applicability in
reverse genetics programs are high ef iciency and running at a
long cost making it more a ordable [76]. Beyond laboratory-
designed model plants, TILLING technique is implicated in
agronomically important crops i.e., tomato, wheat, rapeseed,
rice, maize, and soybean [24]. In addition, this technique does
not require any transformation protocols making it most
ef icient and feasible for recalcitrant species and due to non-
GMO technology also avoids controversies [77] In addition,
large-scale applicability is making it a potential genetic tool for
future plant genomics [23]. Moreover, undoubtedly most recent
advancement in agriculture technology is the development of
Next Generation Sequencing (NGS) which signi icantly lower
down economy of whole genome, transcriptome sequencing,
and plantfunctional genomics [78].

4.Perspectives and future directions

4.1 Benefits, applications and requirement of reverse
breeding [Fig.3]

1) Reconstruction of heterozygous germplasm

2) Breeding on the single chromosome level i.e., to study
epistaticinteractions

3) Advantage over clonal propagation/apomixis

4) Providing seed-propagated varieties in vegetatively
propagated crops to create diversity

4.2 Bottlenecks of reverse breeding

1) Necessity of Double Haploid Lines (DHLs) constrained the
outcomes of reverse breeding in which double haploidy is not
commoni.e., lettuce, tomato, and cotton

2) Limited host range i.e., crops having haploid chromosome
numberof 12 or less.

3) Uncertain present scenario regarding novel plant breeding
techniques such as reverse breeding, CRISPR/Cas9, and TALENs
has to be kept under European Union (EU) GMO legislation or
not.

4.3 Organizations

The following organizations are currently working in the

reverse breeding program:

1. Rijk Zwaan Breeding B.V. R&D EersteKruisweg 9, 4793 RS
Fijnaart, The Netherlands

2. CHICProject (www.chicproject.eu)

3. NBT Platform (www.nbtplatform.org)

4, European Plant Science Organization
(http://www.epsoweb.org/)

4.4 Future Thrustarea

1. RNAi-mediated reverse breeding and genetics is a young
work and requires extensive study to overcome technical
problems.

2. Extensive research is required to improve the potential for
the production of doubled haploids in reverse breeding
programs.

3. Emphasis should be given to the production of hybrids in
crops like cucumber, onion, broccoli, and cauli lower where
seed productionis problematic.

5. Conclusion

Hybrid stability/ ixation is one of the most dif icult tasks in
heterosis breeding due to segregation in the F, generation. The
conventional breeding program allows the development of
nearly homozygous lines limiting hybrid vigor and usually
taking 7-8 years. Reverse breeding appears to be the need for
the hour and an emerging solution to crack this limitation.
Rather to date, it applies to crops having haploid chromosome
number <12 constraining ef iciency, success, and wider
adaptability of reverse breeding for other crops. So, a further
extensive investigation must be taken into consideration. In
addition, genetic tools of reverse genetics can be utilized for
functional plant genomics studies. Collaboration of both novel
plant breeding strategies can be an emerging solution for the
heterosis revolution and functional plant genomics.
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Requirement
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male sterility background breeding process superior hybrid plants
Fig.3. Applications, benefits and requirements of reverse breeding
Table 1. Non-recombinant DHs required to reconstitute desirable hybrid plant
Haploid
S.No. Crop chromosome Probability level
number (n)

0.90 0.95 0.99 1.00
1. Arabidopsis thaliana 5 13 14 18 47
2 Spinach, maize 6 18 20 25 67
3 Cucumber 7 25 28 35 94
4 Onion 8 35 40 49 133

Barley, carrot, beetroot, brassica
5 y 9 49 56 69 188
vegetables, and lettuce
Maize, sorghum, asparagus, and
6 & parag 10 69 79 98 266
cocoa
Banana, watermelon, celery,
7 Y 11 98 111 138 377
fennel, and common bean

8 Tomato, pepper, and brinjal 12 138 157 195 532

Table 2. Reverse breeding and genetics techniques for plant functional genomics
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Method

Benefits

Bottlenecks

References

RNAIi

1. Low running cost
2. Gene silencing of multiple
homologous genes at the same
time
3. Heritable and can be tissue-
specific or temporal

1. Unstable frequency of gene
silencing
2. Range of application limited to
some species
3. Effect on non-desirable/non-
target genes

[10], [13], [14]

Virus-
induced gene
silencing
(VIGS)

1. Transformation: not
mandatory
2. Rapid outcomes and easy to
use
3. Potential of inducing partial
loss of gene function

4. Alternative technology where
RNAi is not applicable i.e., lettuce
and tomato

1. Highly transient
2. Limited host range
3. Lack of missense mutations
4. Silencing variability

[15], [8], [16],
[17]

Insertional
mutagenesis

1. High throughput potential and
heritable

2. Obtain stable desirable with
less unwanted mutation
3. Well adapted for studies of
loss/gain function
4. Generation of overexpression
lines/mutants
5. Availability of mutant libraries
6. Easy detection of mutation site
by PCR
7. Suitable for non-transformants

1. Being T-DNA /transposon-
based, the probability is always
there that the desired mutation

might never be found
2. T-DNA mutagenesis cannot be
studied

3. Less efficient in providing

desirable information about

genes of interest

[18], [19], [20]

TILLING

1. Suitable for non-transformable
species having stable mutations
2. Having multiple alleles per
locus
3. Can obtain missense mutation
with complete loss of function
4. Highly efficient

1. Having low-medium
throughput
2. High running cost and
comparatively expensive
3. Screening of large mutant
population required
4. Low probability of getting
desirable mutation

[21], [22], [23],
[24]

Ectopic
expression

1. Wider adaptability for high-
throughput screening
2. Right choice for studying
transgene expression or gain of
function

1. Limited range of hosts i.e., not
suitable for non-transformants
2. Generation of misleading
neomorphs
3. Exogenous regulatory sequence
can alternate levels of expression

[25], [26], [27]
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Table 3. Target genes involved in chiasmata formation, chromosome pairing and gene conversion

Target genes for chiasmata Target genes involved in Ta.rget genes
S. No. . .. required for gene
formation chromosome pairing )
conversion
RAD51, RAD52, RAD54, RAD55 and
1. SP0O11 RADS7 SGS1
2. MER1, MER2 MER3, ZIP1, ZIP2, ME15, MEI218, SSC1 MSH4
DMC(1 i.e., the most commonly
targeted gene among all (Brassica
3. MEl4 carinata, Brassica oleracea, Arabiopsis MSHS5 (Solanum
thaliana, Solanum melongena, melongena)
Solanum Lycopersicon, Nicotiana
tabacum
4. RAD50 SMC3 ZIP1, ZIP2
5. MREZ2, MRE4, MRE11 MND1, MSH2, MSH3, MSH6, PMS1 MLH1, MLH3
6. RED1 SAE2, SAE3 MEC1
7. REC102, REC104, REC114 REC8, RPA, SCP3 -
8. HOP1 HOP2 -
0. XRS2 HIM6, RED1, RAD57, -
Table 4. List of recent VIGS vectors available with host crop plants
VIGS vector Form Virus genus Crop Viral response | Reference
Tomato z.onate spot RNA Orthotospovirus Tomato Severe [42]
virus
Maize rayadofino | p\ s Marafivirus Maize Mild [43]
virus
Tobacco Rattle Virus RNA Tobravirus Tobacco (Nicotiana Mild [44]
(TRV) attenuate)
Papaya leaf
distortion mosaic RNA Potyvirus Papaya Mild [45]
virus (PLMV)
Cucumber green
mottle mosaic virus RNA Tobamovirus Cucurbits Mild [46]
(CGMV)
Apple latent
spherical virus RNA Cheravirus Silene latifolia Severe [47]
(ALSV)
T?}?:EZ(ETMI\;\S;;IC RNA Tobamovirus Tomat::)ilitlci) bacco, Severe [48]
Cucumber Mosaic Tomato, cucumber,
Virus (CMV) RNA Cucumovirus Ar'abldOpSI:S‘ None [16], [49]
thaliana, maize
Bag?:uzt&psx\(;;alc RNA Hordeivirus Malzs;l\r/\ll:;at & Moderate [50]
Turnip Yellow RNA Tymovirus Brassicas Mild [51]
Mosaic Virus
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African Cassava
o v DNA Begomovirus Cassava Variable [52]
Mosaic Virus
Tobacco Rattle Virus
1 RrNa Tobravirus Spinach & potato Mild [53]
(TRV)
Potato Virus X (PVX) RNA Potexvirus Potato Moderate [54]
Cabbage,
Cabbage Leaf Curl
DNA Begomovirus cauliflower, and Moderate 55
Virus (CbLCV) & . >3]
broccoli
Tomato Yellow Leaf
DNA Begomovirus Tomato No 56
Curl Virus (TYLCY) & [56]
Table 5. List of TILLING projects running across theglobe
Crop List of TILLING Project Organization
Arabidopsis CAN-TILL University of British, Columbia, Canada
Ri Rice TILLING platform National Institute of Genetics, Japan
ice
Davis TILLING Project University of California, USA
Wheat Arcadia Bioscience TILLING Arcadia Bioscience, USA
Barley Barley TILLING SCRI, Scotland
Beans USDA Bean TILLING Project USDA
Cabbage, _ MBGP TILLING Multlnatlo-nal
mustard, turnip Consortia
Drosophila Seattle TILLING Project Seattle, USA
P
ea, rapeseed, URGY TILLING Project URGY, France
tomato
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