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ABSTRACT

Intragenic modification in the context of other pidbreeding of desired traits from wild germplassnseriously
affected by linkage drag. It requires several gatiens of breeding and very time consuming, esfigdiar long

generation period crops and wild sources. Thesdlgms would be prevented if only the gene of isteseuld be
added, leaving the undesired genes in the wild glrsm behind. This is feasible by means of ‘cisgishe
Cisgenesis/intragenesis deploy the same techna@sgyansgenesis. A cisgene contains its nativemstrand is
flanked by its native promoter and terminator imse orientation. Cisgenic plants contain solely ggethat have
been present in the conventional breeder’s gernmpla@onsequently, cisgenic plants have no extra risknpared
to plants from conventional breeding or mutatioednling. Therefore we propose that cisgenic plareseaempted
from the burden of the GMO regulation. An additibadvantage of cisgenesis is that the genetic nmalaithe
established cultivars with a history of safe usemaintained. Only a few genes are added. In cassett

incompatible, heterozygous crops it is impossilbleatld genes and restore the genetic makeup thraugés

breeding. The knowledge of functions and DNA sempsenf plant genes of plants is increasing veryidigp

Cisgenesis is a valuable approach for valorizinig tknowledge. We apply cisgenesis to apple and@aitaorder

to obtain polygenic durable resistance to applebscand Phytophthora infestans respectively. Also haee

introduced the MdMYB10 transcription factor frompépthat upregulates the anthocyanin pathway, legdo red-

fleshed apples

INTRODUCTION

The release of genetically modified (GM) crops irggricultural production has raised considerablbatks
especially among the general public, politiciand bareaucrats (1, 2). One of the main underlyingceons is the
transfer of genes across very wide taxonomic bouesl#3). Public opinion surveys on genetic modifion issues
have repeatedly found that gene transfer withirciggeis a more acceptable approach. This respoaséiéen
consistent across societies throughout the wonldluding New Zealand (4), North America (5), anddpe (6).
One approach to address many of the ethical, ogiggand/or public concerns in the genetic engingatebate is
the transfer of genes within the gene pools cuyremtailable to plant breeders, referred to asamgenic (7), all-
native (8) or cisgenic (9). However, such genedi@mnstill relies on vector systems based on DNofprokaryotic
origin that is concomitantly transferred to pladtsing transformation. To ensure public acceptafdbe transfer
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of genes within species, gene transfer must beegetiwithout the presence of any other DNA fromréfgn”
sources.

Safe and sufficient food production is an importissue in India. Development of improved varietigsmodern
plant breeding is crucial, especially when globakming, population growth, environmental stress@sjnishing
land resources associated with increased demargifdity food like healthy fruits and vegetables aonsidered as
serious challenges in the future. To master thkalemges, a second green revolution is needdtkinduntry(10)

During the first green revolution, India had takie lead by translating new scientific developméifts short
straw traits. Transformation of locally adaptedietes into short straw varieties by backcrossiegutted in higher
yields.( 11)

Nowadays, GM varieties are emerging as a strongaed promise. One of the major outcomes until EWEM
technology is yield security by resistance aggpashogens, pests and total herbicides

These GM crops are at the moment connected wittsgenes and worldwid&iotech Crop hectares increased by
an unprecedented 100-fold, from 1.7 million hecdre1996, to 170 million hectares in 2012,)(8ggesting that
crop biotechnology is one of the fastest adoptethrtelogies in recent historfjgecent major developments in
science, like genome sequencing, are being applied crop plants like rice (13), wheat
(http://www.wheatgenome.oygnaize and potato, and efficient gene isolatiothmés such as map-based cloning
and allele mining have opened up new avenues i plgeding using cloned indigenous genes. Natdaenous
genes, isolated from the crop plant itself or frorassable species, are now called cisgenes in toddistinguish
them from transgenes. The traits of these cisgam@esent the existing genetic variation appliedlassical plant
breeding.

DEFINITIONS OF KEY TERMS IN RELATION TO PLANTS

Cisgenesis:

The term cisgenesis was coined by Schouten andagples (9). They claimed that — despite usingdheegyenetic
modification techniques as in transgenesis — “ciggjeplants could be compared to traditionally bpgdnts as the
concept involves only genes from the plant itselfrom a close relative. These genes could alstvaesferred by
traditional breeding methods. The genomic regiontaiaing the gene of interest is left contiguouluding all

regulatory elements. Is the genetic modificatiorag€cipient plant with a natural gene from a cabts—sexually
compatible—plant. Such a gene includes its intrand is flanked by its native promoter and terminatothe

normal sense orientation.Cisgenic plants can hartwe or more cisgenes, but they do not contairtramggenes.

Transgenesis :

Categorizing genetically modified (7) — or transige— organismsi . organisms changed by receiving hereditary
material from another organism) according to thgiorof the genetic material used for the modificat Based on
the “genetic relatedness between the donor ancetigient organisms”, five categories of GMOs weresented. Is
the genetic modification of a recipient plant withe or more genes from any non-plant organismraon fa donor
plant that is sexually incompatible with the reeii plant? This includes gene sequences of anindrighe anti-
sense orientation, any artificial combination ofaling sequence and a regulatory sequence, suahpesmoter
from another gene, or a synthetic gene.

Intragenes:

It composed of genetic elements originating from tnop species itself or from crossable plant gsedsenetic
elements are, e.g., promoters, coding regions, BN& sequences that are similar to T-DNA bordersmfro
Agrobacterium tumefacien$hese elements can originate from different gemesloci. For example, promoters can
be chosen to alter the expression of a native datragenes are used in vectors from which the esecgs of the L-
and R-borders are originating from plant-DNA. (14)

Traditional Plant Breeding:

The gene pool for the traditional plant breedersigsis of genes from the species itself, from crolgsaild species,
and genes altered by induced or spontaneous mgat8exual compatibility in traditional plant bregglincludes
the application of embryo rescue, and crosses tiitiging species. All these techniques result intm-GM
varieties without the need of applying additiondes such as GMO regulations.
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In potato, variety development is nowadays dependarthe selection of more than 100,000 seedliregsngw
variety (15). Main reason for that is, as indicasbdve, the growing number of traits that havega@dmbined into
one genotype. Another reason is that the gene esdioc important traits such as disease resistamcgsality traits
are frequently found in wild species. Introgressidrsuch traits into a variety needs a lot of preeldling in which
the gene of interest has to be “cleaned” from Iggkdrag caused by disturbing neighboring wild efielStacking of
several introgression traits from one or more &j@cies into a single variety worsens this problentash crops
such as tomato, but also in wheat, marker-assgstksttion can help to speed up the process of congbseveral
traits. In lettuce, an example has been describatl harker-assisted selection can assist breedersdiicing
linkage drag problem. However, marker-assistecctieleis not easy. It still has to be further deyeld to allow for
practical use in potato breeding and in breedingafiy other crops.

In potato, traditional introgression breeding hasrbsuccessful in breeding for resistance to vérasel nematodes
but it failed for sustainable resistanceRoinfestans The utilized sources of resistance agamsinfestanswere
mainly tracing back t&olanum demissurfor this species 11 R-genes agaihshfestandiave been described . All
these resistance genes have been broken down &ndoon of them have been used extensively in vesse
Recently, in laboratory over 1,000 accessions @f @ffferent species have been screened for resistand new
sources of resistance have been found (16).

The most important new source in traditional resise breeding until now 8. bulbocastanunit contains several
useful R-genes with broad spectrum resistance.dBrgewith this source took more than 30 years keetfbe first
resistant varieties such as cv. Toluca was intreduwto the market.. Main reason for that was #sednfor multiple
bridge crosses witB. acauleandS phurejabefore the R-gene source came available into dteg@background.

Bridge cross hybrids with distantly related spediks S. bulbocastanunhave the additional disadvantage that
meiotic recombination is decreased, hampering rednoivdisturbing linkage drag. Variety developmtakes even
much more time if stacking of several R-genes fisunh far related species is needed. If such vauRbjene
sources are used one by one in new varieties rthe @ce against the pathogen will remain venyidiff. There is

a serious danger of burning down important resggagenes in potato one by one, if they are intreduas single
genes. For stacking several effective resistannegyenolecular information is required in the sidecprocess.

Another way of breeding is improving existing véies. For vegetative, heterozygous crops, thergvemenays of
improvement of existing varieties with a long hrst@f safe use, i.e. (induced) mutation breedind genetic
modification. Mutation breeding is still popular uegetatively propagated ornamentals that are dwtgous like
rose,Alstroemeria, Chrysanthemubut also in fruit trees like apple and peach. Maiason for improvement is not
always the solution of problems but alterationte phenotype with added value in the market. Iafpotmutation
breeding has been mainly restricted to alteretstli&ie tuber skin colour and other tuber relatadts. (17)

The second possibility for improving existing vaies is genetic modification. With a restrictednther of large
crops like soybean, maize and cotton experiencébben obtained. In the near future not only transgéut also
cisgenes and intragenes will become available.

Evergreen Revolution

In 1990, | introduced the term Evergreen Revolutmemphasize the need for enhancing productiviyarpetuity
without ecological harm. In population rich, bubhdghungry countries like India, China, and Bang&ehere is no
option except to increase production under cormstiof diminishing per capita availability of aralend and
irrigation water and expanding biotic and a bidtteesses. Evergreen Revolution is another ternsdistainable
agriculture and is based on tools developed byditgntraditional ecological prudence and frontiechtnologies.
(18), supporting my concept of Evergreen Revolution

The problem before us is how to feed billions ofvrmaouths over the next several decades and saweshef life
at the same time, without being trapped in a Fandiargain that threatens freedom and securityoridoknows the
exact solution to this dilemma. The benefit mushedrom an Evergreen Revolution. The aim of thiw tlerust is
to lift food production well above the level obtathby the Green Revolution of the 1960s, usingrteldgy and
regulatory policy more advanced and even safer tiase now in existence.
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Irrigation water will be a serious constraint inetekoming decades. Similarly, land degradation teresaboth
sustainable agriculture and food security. BotH sestoration and enhancement, and water conservatnd
sustainable use are important for launching an gfeen Revolution movement. It would be useful tosider
recent advances in the improvement of wheat areltdocexamine what midcourse corrections are neémfethe
purpose of adding the environmental dimension ¢alpctivity improvement.

Paradigm shift in research strategy

It is now widely agreed that new technologies nhaesnot only economically viable, but also environtady and
socially sustainable. The term ecotechnology isllisghe case of technologies that are rooted eénptfinciples of
ecology, economics, gender and social equity, eynpémt generation, and energy conservation. Ecotéapies
will require an interdisciplinary approach and wited research based on an entire farming systeuos, There has
to be a paradigm shift in research strategies fsoenmmodity-centered approach to an integratedalatesources
management procedure covering the entire croppystes. Crop-livestock integrated farming is pattdy
important for soil fertility buildup and for multip sources of incomé¢19).

Second green revolution in traditional breeding bycisgenesis

Cisgenesis is better than traditional introgressind translocation breeding because of the abs®Hoekage drag
and the reduced number of steps. Domesticationopf glants has diminished the presence of toxicpmmants into
acceptable levels, and there is increased posgibfliacquiring unrelated traits/toxic compoundsewtwild species
are used for crop improvement. In cisgenesis tipeblems can be eliminated easily and desiredstican be
incorporated by gene stacking.

For example, cisgenic apple varieties are beindveddoy stacking resistance genes from crosddiblesplants for
durable résistance to apple scab, and biotic ictierabetween potatéhytophthora infestanis being studied for
durable resistance by stacking sevdRalenes. Similar approach can be attempted for dpirg cisgenic crop
plants for quality traits and biotic/a biotic ssdslerance in India.

Cisgenesis can be applied for all dominantly irtleeritraits. A second green revolution is needednifia to
overcome the challenges related to yield secunitplity traits and healthy vegetables and fruitéedrated gene
management along with precision farming is suggefsteevergreen agricultural revolutionl. We beli@isgenesis
can open up new options for evergreen revolutioor. fRany crops, including vegetatively propagate@son
cisgenesis can be used directly for the improveroéekisting varieties, which have already beermshito be safe
for use in the market.

Cisgenecis are different from traditional breeding

1). The donor sequence is inserted into the genatrena priori unknown position, which might affect DNA
methylation and other factors that in turn canuefice gene expression. A biological counterarguneermhat
translocations and (de)methylations also occuratume. (20) showed that Helitron transposons ireeaapture a
5.9 kilobaselong DNA fragment containing three gealed move it to another part of the maize genome.

2). The insertion of a cisgene results in a mutatibthe insertion site. Moreover, rearrangementsamslocations
might occur in the flanking regions. These mutationight knock out genes, open new reading framdstaareby
induce phenotypic effects. But natural mutationd egarrangements in plant genomes are common, ialpec
chromosome regions where transposons are activitdided genome reorganization can also be indbged
pathogen attack, a biotic stress and interspegjbsidization. A regulatory counterargument is thiat,Europe,
mutation breeding is now exempt from the regulaion the release of GMOs into the environment.

3). The donor sequence does not replace an aletjoence, but is added to the recipient speciesige. Owing to
the process of gene transfer, it is possible thatrtew sequence is inserted several times in onenge which
might affect gene expression and, therefore, plypeotHowever, gene duplication is a common nattalrrence,
for instance in the case of resistance genes er athltigene families.

4). The cisgenic plant might contain some smalh-noding sequences from the vector such as T-DNldys,
which are 25-base-pair imperfect repeats that deline DNA segment transferred to plant cells whesing
Agrobacteriummediated gene transfer. Other non-coding sequenaesthe vector might be parts of a multiple
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cloning site or remnants from recombination sitest were used to excise undesired DNA sequenceh, &l a
selection gene, after the DNA transfer.

Difference between transgenesis and cisgenecis

Transgenesis

v In the case of transgenesis, the transferred gemaly derives from an alien species that is neithe recipient
species nor a close, sexually compatible relative.

v' Transgenesis can extend the gene pool of the estippecies. Such a novel gene might provide tigetglant
with a new trait that neither occurs in the reaipigpecies in nature nor can be introduced thrduagiitional
breeding.

v" This novel trait might affect the fitness of thecipgent species in various ways; a change in finesn then
spread through gene flow between a GM crop andiitsrelatives, potentially creating shifts in neglivegetation.
v' Consequently, lawmakers and regulatory authorftase paid much attention to the safety of delileerateases
of transgenic crops into the environment and haxeérpplace biosafety frameworks to control thiskr(21)

Cisgenecis

v In the case of a cisgenic plant, the gene of istetegether with its promoter, has been presetitérspecies or
in a sexually compatible relative for centuries.

v' Therefore cisgenesis does not alter the gene fabeaecipient species and provides no addititnadts.

v" No changes in fithess occur that would not hapgeaugh either traditional breeding or natural géiogy.
Similarly, cisgenesis carries no risks—such asceffen nontarget organisms or soil ecosystemscitgxor a
possible allergy risk for GM food or feed—othernhthose that are also incurred by traditional biregdT his is the
fundamental difference between cisgenesis andgesmesis.

v' Consequently, the deliberate release and marketdinttion of cisgenic plants is as safe as theaseleand
market introduction of traditionally bred plantsn Ghe issue of safety, regulators could treat ciggelants the
same as conventionally bred plants.

Cisgenesis and Food Safety

For these crops agriculturally important cisgenes t'ecoming more and more available from spec#gearch
programmes but also from sequencing of whole gesorire other words, the almost ideal way of “clean”
introgression breeding with insertion of only tlaeget gene is feasible now. Instead of intensieelpeeding for
introgression of alien target genes and removahaifiy disturbing neighboring alien alleles from thigd breeding
parent, a targeted gene cloning strategy followettdnsformation can be developed for isolatingubkeful alleles
coding for, e.g., broad spectrum disease resissamcér quality traits such as yellow flesh in got and red flesh
in apple. The yellow flesk gene itself or th©r allele present i1$. phurejafor orange flesh colour are available for
improving existing white fleshed varieties by metbengineering which is of importance in pooragén order to
improve vitamin A content, as earlier describeddolden rice

1). The apple scab resistance project is isolatiffgrent resistance genes, and introduces thesgaha@apple genes
into existing elite varieties for obtaining duralgelygenic resistance. The new cisgenic approads amt need
introgression breeding and stacking of resistaremeg by expensive pre-breeding with wild matetitdwever,
resistance breeding using cisgenesis is the nesbrpexling approach, starting with isolation of neatural, broad
spectrum, resistance genes, followed by directkst introduction via cisgenesis into existingesliarieties. Also
the MdMYB10gene for red fleshed apples is being introduced #lite cultivars, enhancing the anti-oxidant
capacity of the apples strongly. (22)

2). Proof of principle in breeding for durable staince of potato tB. infestans, the societal costs and the cisgenic
approach have been described. It is based ondtai@ of different classes of broad spectrum Regerecognized
by the use of isolated Avr-genes, present in tifferéint isolates of this pathogen, and the combamaglication of
the R-genes in existing and new varieties.. Thiigm of several broad spectrum R-genes with tbeiss reacting
Avr-genes is enabling testing of their individua@lbgical function after stacking of them by cisgsis or even by
introgression breeding. Stacking of broad spectRygenes by cisgenes in existing varieties withsaony of safe
use is an additional strong recommendation. Theg®adved varieties also can be used as breedingigafer
developing new varietigR).
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3) O. glaberrima(23) is a cultivated rice species endemic to Africa. Tmvajor ecotypes are recognized in this
species — floating photosensitive ecotype growddep water, including coastal mangrove areas, arahdy erect
ecotype grown in upland or moderately inundateddods. The Asian rice speci€s sativa(genome AA, B = 24)

is spread in large parts of the world and is maverde tharO. glaberrima O. sativais broadly divided intondica
andjaponicasubspeciesO. glaberrimaoriginated around 1500 BC in swampy basins of theeu river delta of
Niger in West Africa, which is the primary centréarigin of this species. Recentl). glaberrimagenome has
been used as a reference to unravel the sequems®lafion inO. sativasubspecies O. glaberrimadiffers from

0. sativain many qualitative and quantitative traits. Th@tgpecies can be distinguished in the field byedéffices

in ligule shape and panicle branching.

THE TORETICAL DRAWBACKS

1) Unknown insertion site:

A frequently mentioned drawback is the fact thagenes will be inserted at unknown places of thatgenome,
which could bring unforeseen risks.

2) Mutation at insertion site:

Another theoretical drawback that is mentioned mreigg cisgenesis is the mutation made at the iisesite of the
cisgene and the unexpected accompanying phenatipicges that might result from this. We just hasensthat
induced translocations and especially naturallyuo@itg transposons can cause mutations in the gemme,
which even can be used. Usually, mutations areritelterecessively and represent loss of function.

3) Food safety:

An important advantage of cisgenesis is food saftye use of wildSolanumspecies as source of genetic variation
is bringing back different kinds of glycoalkaloitisat have been removed during the breeding prdoege past.
The use of wild species as new source of geneti@mtian is accompanied by the re-introduction oégé
compounds.

Objections against exemption and clarification:

A few objections against cisgenesis to exempt tfrem the GM-regulation are:
(1) The random insertion of the gene into the gemom

(2) Mutation caused in the plant genome.

In plant breeding such events are not new. We kinom induced translocation breeding by irradiatibat a piece
of alien chromosome containing the desired resigtdrait of the wild species, surrounded by marheotonor
genes, is inserted randomly in the crop genome,saot an approach is employed in wheat. In crd@sraize,
transposable elements can move within the genamgractice induced mutation breeding is safe, lastiated by
safe use of more than 2500 mutant varieties in ndéfigrent crops. The new GM varieties with tramsgg are good
problems, if selection procedures of normal bregdire applied.

CONCLUSION

The classical methods of alien gene transfer bglitiomal breeding yielded fruitful results. Howeyanodern
varieties demand a growing number of combinedstré&itr which pre-breeding methods with wild spe@es often
needed. Introgression and translocation breediggime time-consuming backcrosses and simultaneelestson
steps to overcome linkage drag. Breeding of crgisguthe traditional sources of genetic variatigncisgenesis
can speed up the whole process dramatically, akitigusage of existing promising varieties. Thispecifically
the case with complex (allo) polyploids and witheiezygous, vegetative propagated crops. Therefegehelieve
that cisgenesis is the basis of the second/evengeyolution needed in traditional plant breeding.
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