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1. INTRODUCTION

The essentiality of fruits in nutritional security and human health can be understood from
the UN-FAO declaring the year 2021 as an international year of fruits and vegetables (FAO
2020). Amongst the fruit crops, citrus (2n=18; 1C=320.50 Mb) is in great demand globaly
because of its exponential dietary essentials. Subsequently, its cultivation extends to 140
countries around the world from 40° N & 40° S latitude. With a projected harvest of 208.47
million tonnes currently citrus shares 7.3% of the total world fruit production from an area of
13.25 million ha (FAO, 2021). So immense are its nutritional values that these were
recommended as an immunity booster during pandemic (WHO, 2021). The valuable components
of citrus fruits such as vitamins, secondary metabolites (essential oils), high antioxidant and
phytochemical properties signify the glory of this fruit in world commerce by an export quantum
of 1.7 million tonnes of fruits per annum, hence universally rated as a high value crops (FAO,
2021).

India is the largest producer of fruits in the world after china. An accelearated growth of
149% during the last two decade has revolutionized the horticulture industry of India, particularly
fruits thereby attaining golden revolution. In terms of production fruits contribute 31% to the
total horticulture sector from an area of 7.01 million ha (Anonymous, 2023) of which citrus ranks
third and shares 13.87% of total fruit production from an area of 1.01 million ha. The group of
citrus fruits cultivated in India includes sweet orange (Citrus sinensis Osbeck), mandarin (Citrus
reticulata Blanco), lime (Citrus aurantifolia Swingle), lemon (Citrus limon (L) Burm. F),
grapefruit (Citrus paradise Macf.) and pummelo (Citrus maxima (L.) Osbeck). Although sweet
orange dominates more than 50 percent of global citrus production, mandarin and its groups
account for more than 44% of production (FAO, 2021; Anonymous, 2023). Citriculture in India
is blessed with geographically unique mandarin ecotypes, which are distributed in the southern,
central and north eastern parts of the country with Coorg, Nagpur and Kashi mandarin
respectively (IPINDIA, 2023). North western India has the credit of growing world’s best

Kinnow mandarin.

Kinnow is a tight peel unique inter-specific hybrid mandarin originated a century back at
citrus research centre, University of California, Riverside, USA. A famous Californian citrus
breeder Dr H.B. Frost developed it by crossing Asian species Citrus nobilis Loureiro with a

1



Mediterranean mandarin species Citrus deliciosa Tenora. Although the crosses were made during
1915, it was released for commercial cultivation 20 years later (1936) and introduced to India
during 1950s. Because of its wider adaptability to arid, subtropical and temperate climate and
fruit quality (higher juice recovery, attractive golden yellow peel, exceptional fruit quality, high
productivity and high remuneration) this beautiful mandarin has also made a dent in the non
traditional area of Madhya Pradesh, Chattisgarh, Nagpur district of Maharashtra and western part
of Uttar Pradesh. This golden fruit would have also revolutionized the juice processing industry
but excessive number of seeds/fruit acts as a stumbling block due to high limonin (9.52 mg/qg)
(Ghosh, 2007; Kumar et al., 2018; Yogi et al., 2019). Although several technological
interventions were developed to control the bitterness, due to health issues and other factors it did
not gain popularity. Development of low seeded Kinnow mandarin (<10 seeds fruit) in contrast to
30-35 seeds/fruit in wild type is therefore, important to reduce the wastage and increase the farm
gate price in Kinnow mandarin (Malick et al., 2016).

Systematic research to develop low seeded Kinnow mandarin was initiated by the
Division of Fruits and Horticultural Technology, ICAR-Indian Agricultural Research Institute,
New Delhi during 2009 throgh clonal selection. Initial attempts through conventional breeding
encountered difficulty in identification of seedless varieties, the perennial nature and delayed
result proposed to go for faster breeding tools. To achieve the objective of seedlessness,
mutagenesis as a breeding tool have been used for development of seedless varieties in orange,
mandarin, grapefruit and lemon (Spiegel-Roy et al., 1990; Roose and Williams, 2007; Vardi et
al., 2008).

In Kinnow mandarin bud wood irradiation and chemical mutagen based mutagenesis
work was thus initiated during 2011 at ICAR-IARI, New Delhi. Although few putative seedless
dwarf Kinnow mutants were identified, the breeding program got delayed due to occurrence of
chimera and its purification, loss of variants under filed condition (Malick et al., 2016; Kumar et
al., 2018; Kumar et al., 2019; Singh et al., 2022; Kumar et al., 2023). Mutagenesis through in
vitro approaches has certain advantages over in vivo approaches i.e., wide choice of plant
material (organ, tissue and cell), uniform mutagen treatment, use of single cell system, less risk
of obtaining chimeric plants etc. (Penna et al., 2012). In this direction, induction of solid mutant

using advanced breeding approaches such as in vitro mutagenesis can be considered as a



powerful alternative speed breeding tool in Citrus. Hence the present study on in vitro
mutagenesis was proposed in Kinnow mandarin.

In vitro mutagenesis related literatures revealed three major prime requirements such as
efficient in vitro regeneration protocol, determination of mutagen dose for selected explant tissue
followed by characterization and early identification of induced putative mutants. First and
foremost need is standardization of mutagenesis specialized robust reproducible regeneration
system in identified crop or variety. Although regeneration protocols are available in citrus since
1950s, the dominance of species specific regeneration ability has simultaneously been
emphasized (Bitters et al., 1972; Kochba et al., 1972; Navarro and Juarez, 1977; Grosser et al.,
2000; Dutt et al., 2010; Omar et al., 2016). Regeneration response highly depends on genotype,
explant type and culture medium. Among the major citrus species sweet orange, pummelo, lemon
and lime reported to be competent whereas mandarin showed recalcitrant for in vitro regeneration
(Barlass and Skene, 1986; Gmitter and Moore, 1986; Tomaz et al., 2001; Bordon et al., 2000;
Germana, 2003; Benelli et al., 2010). Although the use of several tissues as explants have been
reported in citrus, for cellular totipotency mediated single cell regeneration reproductive tissues is
recommended. However, group of cells on single plantlet regeneration has also been witnessed in
citrus. Moreover, occurrence of high frequency somaclonal variation is observed. Hence to
ensure true-to-the-type single cell regeneration histology and genetic fidelity testing have been
recommended in recent published literatures. The available reports in Kinnow mandarin lack
reproducibility and rapid true-to-the-type single cell regeneration ability and rarely tested for
genetic stability (Singh et al., 2006; Sharma et al., 2012; Hasan et al., 2016). Since single cell
regeneration is the target of present investigation, the specialized simplified robust regeneration
protocol with mutagenesis prospective needs to be standardized in Kinnow mandarin.

Recommended mutagen dose for in vitro induction of mutants is scanty and inconsistent.
Furhter, the information related to use of in vitro techniques, type of explant, maturity stage,
mutagen type and dose rate are obscure. Among the fruit crops in vitro mutagenesis was first
initiated in citrus during 1970s at West Asian countries in sweet orange cv. Shamouti orange
(Kochba et al., 1972; Kochba and Spiegel-Roy, 1976; Spiegel-Roy and Kochba, 1980). The use
of anther, callus and protoplast for in vitro mutagenesis using X-ray and gamma ray was assessed
and finally concluded with complicatedness of non availability of rapid regeneration system,
lesser recovery of mutant population and lack of procedure for early identification of mutants.



Few in vitro mutagenesis studies were reported in citrus but the objectives of solid mutant
induction was not taken into consideration (Noor et al., 2009; Somsri et al., 2009). In rough
lemon rootstock, the effect of irradiation induced mutagenesis was assessed using in vitro grown
explants like seed, epicotyl calli and epicotyl segment (Saini and Gill, 2009; Kumar et al., 2010;
Kaur and Rattanpal, 2010; Sharma et al., 2013; Kaur, 2015). Similarly, in other rootstock species
Alemow (nodal segment and seed) and sour orange (seed) the in vitro gamma irradiation study
was conducted to understand the radiation effect (Tallon et al., 2015). Agisimanto et al. (2016)
evaluated the effect of irradiation on embryogenic calli growth in mandarin cv. Limau Madu after
irradiation and callus induction from nucellus explants. Recently, use of radiation in
improvement of traits like salt tolerance and Huanglongbing disease tolerance were assessed in
citrus using in vitro mutagenesis with seed and embryo derived explants (Perez-Jimenez and
Perez-Tornero, 2020; Purba et al., 2021). However, information regarding in vitro mutagenesis
derived mutant population and its characterization was nil on seedlessness.

In addition to physical mutagenesis, the effect of chemical mutagenesis such as ethyl
methanesulfonate (EMS) was tested in Citrus jambhiri Lush. and C. sinensis (L.) Osbeck for its
influence on creating variability to Phytophthora and canker tolerance (Kumar et al., 2010;
Sharma et al., 2013; Ge et al., 2015; Savita et al., 2017). The success of in vitro induced
mutagenesis is of significance when positive mutation occurs and the same is genetic in nature
(Jain, 2007; Xu et al., 2012). It is therefore, important to ascertain that the variations observed in
the mutants are stable or not. In this direction in vitro mutagenesis and its characterization based
on morphological and molecular traits would be of practical significance. Advanced high-
throughput morphological and molecular marker based genomic screening has further proved to
be an efficient technique to speed up the breeding programme (Mba et al., 2013). Although bud
wood irradiation and in vivo EMS mutagenesis has been attempted in Kinnow mandarin,
induction of solid mutants through in vitro mutagenesis via physical (gamma rays) or chemical
(EMS) mutagen and their characterization using advanced phenomic and genomic tools has not

been thoroughly attempted in Kinnow mandarin.



With this backdrop present doctoral research was initiated with three major objectives as
follows:
1. To standardize the protocol for in vitro multiplication of Kinnow mandarin through indirect
organogenesis.
2. To standardize the mutagen dose for in vitro mutagenesis in Kinnow and regeneration of
mutants.
3. Morphological characterization, identification of putative Kinnow mutants and their validation

using molecular markers.



2. REVIEW OF LITERATURE

Successful tissue culture based crop improvement approach requires scientifically sound
and technologically robust need based standard protocols. In perennial fruit crops to prevent the
genetic drag and speed up the breeding process in vitro mutagenesis was a preferred technique.
Although the importance of solid mutant induction in Citrus was recognized during 1970s,
suggestions on rapid creation of M; solid mutants, high frequency population recovery and
marker based mutant selection are still under theoretical speculations. The impediments on
application of in vitro techniques in mutagenesis can be overcome by genotype specific
regeneration and mutagenesis approach. In perennial woody plants, to elucidate the possible
opportunities the in vitro studies were continuously undertaken for the past 6 decades. Moreover,
the advancements in high throughput morphological screening and molecular marker based
validation can resolve the problems of large population handling which otherwise the major
hindrance in mutation breeding. Thus standardization of reproducible in vitro mutagenesis
technique was the target of present investigation in Kinnow mandarin. There are multiple factors,
which need to be considered before attempting species specific protocol standardization. Hence,
the details of the available information related to standardization of in vitro mutagenesis and
mutant validation protocols were step wise compiled under three major criteria.

2.1 In vitro regeneration

2.2 In vitro mutagenesis

2.3 Validation of mutation occurrence
2.1 In vitro regeneration

Cellular totipotency based regeneration protocols were attempted in many economically
important crops including citrus after the elucidation of specialized growing medium in 1960s.
Manipulation in the type and concentration of PBR were considered as the major approach for in
vitro regeneration of plants until late 1970s. The non responded species were termed as
recalcitrant (Bhojwani et al., 1977). However, currently many crop species which earlier
considered as recalcitrant were successfully in vitro regenerated because of the shift in strategies
to stage specific explant selection and media manipulation of selected genotype (Bhojwani and
Dantu, 2012). Hence literatures related to above aspects in citrus were deeply surfed for

understanding the in vitro response of citrus species. The major aspects are stage specific explant
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collection and selective medium supplementation. Since the target was solid mutant induction,
the information pertaining to cellular totipotency based two different mode of regeneration i.e.

indirect organogenesis and somatic embryogenesis was gathered in citrus.

2.1.1 Somatic embryogenesis

The dedifferentiation and redifferentiation ability of multi-cellular organs via somatic
embryogenesis and indirect organogenesis were well studied in Rutaceae family, especially in the
genus Citrus for the last seven decades. The relevant existing records were categorized

chronologically.

2.1.1.1 Somatic embryogenesis via nucellus explant

Citrus tissue culture was originated at California and for the first time attempted in citrus
to overcome the deadly virus diseases after the successful demonstration of meristem culture
during 1950s in Dahlia and potato (Morel and Mortin, 1955). Use of meristem culture, the most
common method of virus elimination was failed in citrus. Alternatively, ovule was tried as an
explant because many viruses cannot transmit via seeds (Rangan et al., 1968; Button and
Bornman 1971; Bitters et al., 1972). In polyembryonic citrus species, presence of facultative
apomixis is advantages trait for true-to-the-type regeneration. However, presence of zygotic
embryo leads to variability. Non-destructive method of identification of zygotic and nucellar
embryo from the ovule (immature seed) is highly complicated. Hence, the nucellus tissue was
isolated from the ovules and cultured on the artificial media. Consequently, the substitute of
nucellus culture was applied in various Citrus species. The amenability of vast majority of citrus
and other genera of Rutaceae for somatic embryogenesis via nucellus was researched by Esan
during his doctoral research programme at California. The genera and species of Rutaceae
studied for nucellus culture are C. aurantium L., C. grandis L., C. histrix D.C., C. ichangensis
Swing., C. jambhiri Lush., C. kharna Rafin., C. lansium Lour., C. limon L. (cv. Eureka, Meyer
and Ponderosa), C. limonia Osbeck (Bearess lime), C. madurensis Lour., C. medica L. (Six
varieties), C. microcarpa Burge, C. paradise Macfad, C. reticulata Blanco (cv. Algerian,
Cleopatra, Nagpuri and Ponkan), C. sinensis Osbeck, Eremocitrus glauca Swing, Fortunella
crassifolia Swing, Microcitrus australisia F.Muel, M. warburgiana F.M. Bail, Poncirus trifoliate

L., Clementine mandarin, Temple tangor, Robertson Navel, Chandler pummelo and Khasi papeda



(Rangaswamy, 1961; Sabharwal, 1963; Singh, 1963; Rangan et al., 1968; Bitters et al., 1972;
Kochba et al., 1972; Mitra and Chaturvedi, 1972; Esan, 1973; Murashige, 1974).

The detailed research of Bitters et al. (1972) at California, USA revealed that the somatic
embryogenesis response of nucellus is highly depends on ovule developmental stages, but it
differs among the species. For nucellus isolation, the optimal ovule developmental stage
although, varied with cultivar, they could identify certain markers to distinguish the desirable
stage. At proper stage ovule contains liquid endosperm, intact nucellus and no sign of nucellus
degeneration. Which could be seen 6 weeks (old fruits) after pollination in sweet orange cv.
Robertson and 12 weeks after pollination in Temple tangor (C. reticulata Blanco) but the somatic
embryogenesis success rate was 70 and 30 per cent respectively on MS medium supplemented
with ME 500 g L™ and sucrose 50 g L™. Direct somatic embryogenesis was observed from the
responded cultures.

The comparative research on two different explants such as ovule and nucelli in seedless
cultivars of Shamouti orange, Valentia orange and Marsh seedless grapefruit by Kochba et al.
(1972) at Israel revealed differed results. Among the tested genotypes, the sweet orange cv.
Shamouti recorded highest embryogenesis of 22% from ovules of 4 weeks after pollination, but
3-5 week old nucelli gave highest embryogenesis of 10% in MT medium with ME 500 g L™.
Early or later stage culturing resulted in poor embryogenesis. Most of the cultured ovules induced
callus but direct somatic embryogenesis was obtained from nucellus culture.

Sweet orange was commonly used in above studies, but the observed difference in culture
responses (22% to 70%) might be allied with the impact of explant developmental disparity (3-6
weeks), culture media (MS or MT), genotypes and its growing region. This was further
confirmed at Spain from the study result of Navarro and Juarez (1977) in Clementine. The use of
ovule and nucellus explants at 13-15 week was observed to be the best explant collection stage in
Clementine. Nucellus culture resulted in three kind of responses such as 10-30% of direct
embryogenesis, 40-80% of its embryogenic callus forming ability on modified MS medium with
500 mg L™ ME, however drying of cultured nucellus tissue also most common. Conversely,
ovule culture resulted in embryogenic callus induction especially navel group induced 80-100%
callus. Cultivars with lesser frequency of somatic embryogenesis were also observed.

Simultaneously, a report from California with the probable identification of ethylene as an



embryogenic suppressive agent in ovule explants of C. medica L. reveals the actual genotype
specific problem faced in citrus regeneration (Tisserat and Murashige, 1977).

The use of nucellus culture for virus elimination, mutagenesis and mass multiplication
from fertilized and unfertilized ovules as aimed was impractical and halted as a consequence of
difficulties encountered during tissue culture. The major hurdles faced are the amenability of very
few species to positive response of high frequency embryogenesis, requirement of tedious
nucellus explant preparation procedures, browning and drying of isolated tissues and non-specific
media standards etc., (Bitters et al., 1972; Kochba et al., 1972; Navarro and Juarez, 1977;
Spiegel-Roy and Kochba, 1980). Above studies highlighted the importance of enhancement in
the regeneration efficiency.

The types of carbohydrate on improvement of embryogenesis efficiency of nucellus
derived callus was assessed in Caipira, Seleta, Vermelha, Valencia of sweet oranges (C. sinensis
L. Osbeck), Cleopatra, Limau Madu mandarin (C. reticulata Blanco) and Rangpur lime (C.
limonia L. Osbeck) (Tomaz et al., 2001). High embryogenesis efficiency was observed in sweet
orange cultivars when galactose, lactose and maltose were used as carbon source. Similarly
requirement of polyamines in the form of spermidine and spermine for stimulation of
embryogenesis in nucellus callus was observed in sweet orange (Wu et al., 2009). Recently, MS
basal medium supplemented with ME 500 mg L™ and 13. 36 pM L™ BAP was found effective in

enhancing regeneration ability of Limau Madhu mandarin (Agisimanto et al. (2016).

2.1.1.2 Somatic embryogenesis via unfertilized ovule explant

To improve the somatic embryogenesis efficiency of citrus the alternative approaches has
been validated. In Florida, for breeding of distantly related citrus species/genera and replacement
of the trees in frost/canker prone plantations, citrus tissue culture was opted as a valuable tool. To
improve the efficiency of regeneration system from previously available protocols, the use of
undeveloped (unfertilized or abortive) ovule explant collected 8-9 months after pollination was
investigated in polyembryonic citrus species for induction of embryogenic calli (Starrantino and
Russo, 1980; Moore 1985, Gmitter and Moore, 1986). Among the various species evaluated (C.
sinensis L. Osbeck cvs. Hamlin, Pell Navel and Pineapple; C. paradise Macf. cv. Marsh; C.
reticulata Blanco cv. Owari; C paradisi X C. reticulata cv. Orlando; C. aurantifolia (Christm.)
Swing. cv. Key; and C limon (L.) Burm. f. cv. Bearss) very few showed positive response on
high frequency embryogenesis from unfertilized ovules. The difference in embryogenesis
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response was observed with respect to cultivar and medium supplementation Gmitter and Moore,
1986). The results were similar to earlier studies of nucellus culture i.e., mandarins were
unresponsive than cultivars of other species tested. During the study species specific response
with respect to medium supplementation was also observed. Contrasting to the use of ME, the
effect of 2,4-D in combination with cytokinin (BA) was assessed for embryogenesis. This study
also emphasized the presence of abnormal embryos such as pluricotyly, multiple shoot
meristems, fused embryos, fasciations and their difficulty in further development into plantlets as
previously reported by Navarro and Juarez (1977) in Clementine. Moreover, transfer of embryos
on to germination medium and acclimatization medium were studied unlike previous
investigations where one medium is used for until germination. The study emphasized the
embryo germination on simplified solid MT medium supplemented with GA3 and direct transfer
of rooted plants to soil medium for acclimatization (Gmitter and Moore, 1986). However, the
acclimatization frequency was slightly lesser than the report of Spiegel-Roy and Vardi (1984),
who suggested transfer of germinated seedlings to the liquid medium (supplemented with growth
regulators) for a while before transfer to hardening medium. The need of high germination
frequency and the reduction in influence of abnormal embryos on decreased germination were the
suggestions for improvement of the attempted protocol.

Ovule and nucellus derived embryogenic callus were subjected to suspension culture. The
cell cultures were further used for single cell isolation via protoplast techniques for the first time
in citrus by Vardi et al., 1975 and the technique was applied in proceeding decades in citrus
improvement. The standard culture techniques of Israeli i.e., embryogenic callus induction from
sweet orange cv. Shamouti orange ovule (Kocha et al. 1972) was used as a base protocol for
many other citrus genotypes in countries like South Africa (Button and Botha, 1975), Japan for
‘Trovita’ orange (Kobayashi et al., 1983; Kobayashi et al., 1985; Kobayashi, 1987) and Florida
for many genera and species of citrus (Grosser et al., 1988 and Grosser et al., 1988a). The major
objective of initiating protoplast culture was to further use in solid mutant induction (Spiegel-Roy
and Kochba, 1980; Vardi and Spiegel-Roy, 1982) and other crop improvement technique like
standardization of somatic hybridization techniques (Kobayashi et al., 1985; Kobayashi, 1987;
Grosser et al., 1988 and Grosser et al., 1988a; Vardi et al., 1989; Grosser et al., 1990; Tusa et al.,
1990; Vardi et al.,, 1990). The detailed report on mutation was not documented except

preliminary trials. The above ovule and nucellus explant mediated embryogenesis protocols were

10



also used for cryopreservation (Marin and Duran-vila, 1988; Kobayashi et al., 1990) and
application in advanced in vitro crop improvement techniques like tetraploid induction (Gmitter
and Ling, 1991; Gmitter et al., 1991), somatic hybridization/cybridization (Kunitake et al., 1991;
Saito et al., 1993; Grosser et al., 1996; Jumin and Nito, 1996; Guo and Deng, 1998; Guo and
Deng, 1999; Gloria et al., 2000) and transgenic development (Hidaka et al., 1990, Gutierrez-E et
al., 1997; Guo and Deng, 1999). The major problem encountered with somatic embryogenesis is
the juvenility of regenerated plants and poor response of many cultivars.

Carimi et al., 1998 assessed the embryogenesis ability of 11 different cultivars of navel
group using abortive ovules collected 120 days after pollination on BA supplemented modified
MS medium. Whereas Dultt et al. (2010) and Dutt and Grosser (2010) cultured unfertilized ovules
obtained from C. sinensis (L.) Osbeck cvs. Hamlin, Valencia, and OLLS8; C. reticulata Blanco.
cvs. Ponkan and W Murcott; C. amblycarpa (Hassk.) Ochse and C. depressa Hayata cv
Shekwasha fruits after 120 days of pollination on DOG medium consisting of MT basal medium
+ 50 g L™ sucrose, 0.50 g L™ malt extract, 8 g L™ agar and 5 mg L™ kinetin. Embryogenic calli
was initiated by frequent subculturing. The problem of slow growth and less recovery of plantlets

under in vitro conditions were observed during the investigation.

2.1.1.3 Somatic embryogenesis via floral tissues

To widen the explant tissue choice, at Italy the ability of floral somatic tissues such as
style/stigma was assessed for the first time by Carimi et al., 1994 in C. limon cv. Fernminello.
Addition of 2,4-D (0.99 mg L) and BA (2.99 mg L) to the MS medium promoted callus but
callus obtained from 2,4-D medium were devoid of embryos. BA induced less frequency of
callus from cut end of the style 60 days after culture initiation however, supported embryo
formation. Basal medium without any growth regular supplementation supported high
germination than NAA or ME. The effect of above medium supplementation was also tested by
Pasquale et al., (1994) in three other lemon cultivars viz., Monachello, Lunario and Fernminello
Santa Teresa. Cultivar specific variability was observed in callus formation, browning of tissue as
well as embryogenesis and plant regeneration ability. Further the study was extended to know the
response of few other citrus species such as C. aurantium L., C. deliciosa Ten., C. paradise
Macf., C. sinensis Osbeck. Result revealed the poor responsive nature of mandarin (Carimi et al.,
1995; Donghia et al., 1997; Donghia et al., 2001). The MS medium supplemented with sucrose
50 g L™ and 3.0 mg L™ BA was tested for style, stigma and ovary culture of common mandarin,
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sweet orange, tangor, lemon, Washington Navel orange, Satsuma mandarin, variegated lemon,
lime, citron, pummelo, Rough lemon, Sour orange, VVolkamer lime and Rangpur lime (Mohamed
et al., 2014). Among that lemon and pummelo were found highly responsive. Recently Catalano
et al. (2022) compared the juvenile and mature characters of regenerants obtained from
stigma/style cultures with nucellus derived explants. The plantlets derived from stigma and style
flowered earlier.

In Italy the transverse thin cell layers of stigma, style and ovary were also tested as an
explant in six different Citrus species viz., C. deliciosa Ten., C.limon L., C. madurensis Lour, C.
medica L., C. tardiva Tan. and C. sinensis Osbeck (Carimi et al., 1999). The explants obtained
from above mentioned species were cultured on three different medium supplementations (MS I:
MS, MS II: MS + 500 mg L™ and MS 111: MS + 500 mg L™ + BA 2.99 mg L) and it was found
that the embryogenesis efficiency can vary between 0 to 43% among the tested species.
Embryogenesis efficiency was found higher in C. limon when stigma and style was cultured on
MS + 500 mg L™*, whereas none of the explant and medium supplementation was found
responsive to C. deliciosa. Similarly Fiore et al., 2002 examined the regeneration efficiency of
stigma and style transverse thin cell layer explant of lemon cv. Femminello and sweet orange cv.
Washington Navel GS on media supplemented with different combinations of 2,4-D and N-(2-
chloro-4-pyridyl)-N-phenylurea (4-CPPU) along with Sucrose (146 mM). Where the stigma of
lemon had higher embryogenesis frequency when cultured on CPPU (cytokinin) containing
medium, however 2,4-D was found unresponsive.

Although citrus anther culture was for the first time initiated by Hidaka et al., (1979) at
Japan, they found the occurrence of the haploid, diploid and mixoploids in the regenerated
progenies. While, the technique has been refined at Italy to obtain high frequency haploid and
diploid plantlet recovery (Germana et al., 1994; Germana et al., 1999; Germana, 2005).
Likewise, in Spain the use of pre and post anthesis ovule explant on haploid and diploid somatic
embryogenesis was also assessed by Perez et al. (1998) in several citrus species such as C.
sinensis Osbeck, C. limon L., C. paradise macf.,, C. unshiu Marc., C. aurantium L., C.

aurantifolia Swing., C. reshmi., P. trifoliata Raf. and inter-specific hybrid Troyer Citrange.
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Other explants tested were fertilized and undeveloped ovule in Ponkan mandarin, Cravo
mandarin (C. reticulata Blanco), Itaborai sweet orange Valencia, Washington navel, Shamouti,
Blood orange and Heart of Florida sweet orange (C. sinensis L. Osbeck.) and Kinnow mandarin
(C. nobilis Loureiro x C. deliciosa Tenore), C. paradisi (Macf.), C.deliciosa (Tenore), C.unshiu
(Mak.), C.aurantium (L.) Kutdiken and Zagara Bianca lemon (C. limon) (Ricci et al., 2002; EI-
Sawy et al., 2006; Kayim and Koc, 2006; Pan et al., 2010), microspore in Citrus clementina
(Germana and chiancore, 2003), anther culture in C. sinensis L. Osbeck), C. unshiu Marc., C.
nobilis Lour., C. deliciosa Ten., C. reticulata Blanco and their hybrids, C. limon L. Burm. f.,, C.
aurantifolia Christm. Swing. and C. paradise Macf. (Germana, 2005; Cardoso et al., 2015;
Chiancore and Germana, 2016) unopened flower buds of Kinnow mandarin (C. nobilis Loureiro
x C. deliciosa Tenore) (Singh et al., 2006), ovaries of sweet orange cultivar (Cardoso et al.,
2012), embryogeneic callus (Khan and Grosser, 2004; Koc et al., 2009; Pan et al., 2009; Wu et
al., 2015; Long et al., 2018), seeds (Hasan et al., 2016), juicy vesicle (Nito and Iwamasa, 1990;
Elden et al.,2017) Nucellus embryo (Kazmi et al., 2019). However, the concepts of true-to-the
type regeneration was not taken into consideration except few studies, also the earlier explained
concepts of nucellus culture was misconceptualized. The kind of reproductive tissue used in
Kinnow mandarin is undeveloped ovule, nucellus, embryo, ovules of unopened flower bud.
However, each protocol has some drawback such as poor in vitro response, browning of
embryogenic callus etc. (Singh et al., 2006; Hussain et al., 2016).

Habituated embryogenic callus

The occurrence of habituation i.e., growth substances autotrophic callus stabilization was
observed when long time subculture of embryogenic callus on PBR free medium. Such
habituated embryogenic callus cultures can be obtained from any of the above mentioned
reproductive explants and were maintained for longer duration without degradation in
embryogenic activity. These prolonged cultured cells were in general has reduced level of
endogenous ABA and BA (Spiegel-Roy and Kochba, 1980; Jimenez et al., 2001; Dutt et al.,
2010; Dutt and Grosser, 2010).
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2.1.2 Indirecct organogenesis

2.1.2.1 Vegetative tissues

Several earlier reports have appeared on direct shoot proliferation of different citrus
species from matured tissues such as nodal segment [in Citrus aurantifolia (Al-Khayri and Al-
Bhrany, 2001) lemon (Kotsias and Rossos 2001), Kinnow (Mukhtar et al., 2005 and Sharma et
al., 2012), Rough lemon (Kour et al., 2007), C. limon (Rathore et al., 2007) and Kaghzi Kalan
lemon (Goswami et al., 2013)] and Shoot tip [(in Kinnow (Mukhtar et al., 2005) and Citrus
megaloxycarpa (Haripyaree et al., 2011). Moreover, the influence of the basal medium and
different plant growth regulators on the micropropagation of nodal explants was also investigated
in lemon (Pérez-Tornero et al., 2010), sweet orange (Giladi et al. 1979; Barlass and Skene 1982;
Marutani-hert et al. 2011) and mandarin (Singh et al. 1994). Simultaneously, abscission
phenomenon in mature nodal explants during regeneration has been reported in few citrus species
(Marutani-Hert et al. 2011; Eng et al. 2015; Mahmoud et al. 2020).

2.1.2.2 Juvenile tissues

Recently use of juvenile explants like seedling leaf derived callus (Tao et al., 2002; Khan
et al., 2009; Laskar et al., 2009; Kasprzyk-Pawelec et al., 2015) cotyledon (Savita et al., 2011;
Siwach et al., 2012) hypocotyls (Megha et al., 2009) seedling explants (Dominguez et al., 2004;
Fraternale et al., 2010; Shen et al., 2013; Kazmi et al., 2015) and epicotyl (Costa et al., 2004;
Yang et al., 2006; Mendes et al.,2009; Saini and Gill, 2010; Silva et al., 2010; Singh and Rajam,
2010; Rattanpal, 2011; Ge et al., 2012; Sharma et al.,2013; niedz et al., 2015; Kaur et al., 2016;
Hu et al., 2017) in regeneration of different citrus species has been well defined and documented.

2.1.2.3 Media supplements for indirect organogenesis

In vitro regeneration facilitates the cost effective, rapid production of uniform elite pest
and disease free true to type plants via direct and indirect organogenesis (Moore, 1986). Each
method of regeneration has its own utility, merits and demerits in mass multiplication and crop
improvement aspects. In citrus both direct and indirect organogenesis has been widely used for
regeneration. The regeneration potential mainly depends on culture media and culture
environment (Carimi and Pasquale, 2003). However, several other factors such as the genotype
(Bordon et al., 2000; Perez et al., 1998) the explant type, explant age, cut end orientation of
explants, the age and the physiological conditions of explant donors (Sim et al., 1989; Gill et al.,
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1994; Perez et al., 1998) the culture medium composition (Maggon and Singh, 1995; Sim et al.,
1989; Carimi et al., 1998) and the incubation conditions (Bordon et al., 2000; Perez et al., 1998;
Duran-Vila et al., 1992; Cabasson et al., 1997) were also significantly influence the response of
in vitro regeneration.

Generally in vitro culture of citrus is achieved by using MS (Murashige and Skoog, 1962)
medium supplemented with various levels of auxin and cytokinin. Use of other media like MT
(Murashige and Tucker, 1969) and DKW (Driver and Kuniyuki, 1984) also reported for
successful regeneration in citrus. Van Le et al., 1999 stated that shoot proliferation medium
containing cytokinin alone or in combination with auxin is necessary for citrus shoot
proliferation. They also suggested that most suitable plant growth regulators seem to be BAP and
NAA.

MS medium supplemented with BAP 1 mg L™ and Kinetin 0.5 mg L™ combination gave
highest primary shoot proliferation (8 shoots / culture) in acid lime and lemon (Al-Khayri and Al-
Bhrany, 2001 and Goswami et al., 2013). In Kinnow, nodal segment cultured on MS medium
containing BAP 1 mg L™ or Kinetin 0.5 mg L™ resulted in more number of shoots (8 shoots) per
culture (Mukhtar et al., 2005). For enhanced proliferation and multiplication of Kinnow in viro
shoots along with BAP 1.5 mg L™ addition of 0.5% Charcoal and organic supplements like 25
mg L™ glutamin, 15 mg L™ adenine sulphate and 200 mg L™ casein hydrolysate (14 shoots per
cultured nodal segments) were reported (Siwach et al., 2012).

Rathore et al., 2007 reported that nodal segments of Citrus limon inoculated on MS
containing BAP (9 pM L™) provide 4 shoots at initial bud proliferation. This number can be
increased to 3-4 fold by reducing initial nitrogen source of MS media (50% NH4NO3; and KNO;)
along with addition of 250 mg L™ (NH4),SO, and BAP concentration reduced to 0.22 pM L™.

Multiple shoots were produced when nodal segments cultured on BAP containing media
but first initiated shoot will suppress the growth and elongation of other developing shoots,
removal of apical growing portion of primary shoot promote the elongation and multiplication of
axillary shoots by eliminating apical dominance (Duran-Vila and Navarro, 1989). The addition of
GAg; in the subculture medium promote shoot elongation twice the length of those cultured in the
absence of GA; (Paudyal and Hag, 2000).

Indirect organogenesis ability i.e., shoot regeneration or somatic embryogenesis from

inoculated explants via intermediate callus has also been reported from different explants like
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juice vesicles (Nito and Iwamasa, 1990), excised nucellus, unfertilized ovules, undeveloped
ovules (Starrantino and Russo, 1980), cotyledons (Gill et al., 1995; Savita et al., 2011), epicotyls
(Gill et al., 1995), leaves (Gill et al., 1995; Laskar et al., 2009) and stem (Ali and Mirza, 2006;
Vibhute et al., 2017) etc. The indirect organogenesis has render many advantages over direct
embryogenesis like in vitro selection pressure can be applied at initial callus stages itself.

In general, embryogenesis takes place from rapidly dividing meristematic cells which are
small in size, possessing dense cytoplasm, large nuclei with prominent enlarged nucleoli, small
vacuoles and profusion of starch grains (Williams and Maheswaran, 1986). Protocol of somatic
embryogenesis involves induction of embryogenesis, embryo development, embryo maturation
and their conversion or germination to form complete plants. Each stage of embryogenesis
require different media composition and growth regulator requirement, it may also depends on
genotype, composition of the cultural media and type and stage of explant. In rough lemon Ali
and Mirza (2006) reported that MS media supplemented with 2,4-D 1.5 mg L™ showed 92% and
83% embryogenic callus induction from cultured stem and leaf tissues respectively. Similarly,
Savita et al., 2011 observed maximum callus induction (91%) on MS media supplemented with 2
mg L? 2,4-D combined with malt extract 500 mg L™ in cotyledon explants of rough lemon.
While in leaf and nodal segments (in vitro germinated seedlings) MS media supplemented with 4
mg L™ 2,4-D resulted in 98% callus induction, whereas adding 1 mg L™2,4-D registered 96%
callus induction respectively (Savita et al., 2010). Similar observeation was noticed in C.indica
leaves (derived from in vitro germinated seedlings), where maximum regenerative friable calli
was induced on MS media with 0.01 mg L™ TDZ and 0.1 mg L™ NAA within 18-21 days after
culture (Laskar et al., 2009). It was also observed that addition of 5 mg L™ 2,4-D and 0.5 mg L™
BAP can induce 84% callus in nodal segments of in vitro germinated citrus seedlings. Gloria et
al. (1999) reported the soft friable calli induction ability explant tissue on MT media fortified
with 500 mg L™ in mandarin, addition of activated charcoal in media increase the vigour, better
growth and friability of callus.

Embryogenesis from embryogenic calli requires auxin free medium, presence of as low as
0.001 mg L™ of IAA in the medium has also inhibited embryogenesis. On the other hand, any
treatment which checked auxin concentration in the cells, such as auxin synthesis inhibitors (2-
hydroxy-5-nitro-benzyl bromille or 7-aza-indole) and irradiation (Kochba and Spiegel-Roy,
1977) significantly improved embryo differentiation. Irradiation is known to break down auxin
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(Chourey et al., 1973). Addition of high concentration of sucrose (50g/l) induced embryogenic
callus in citrus and elimination of sucrose from cultural media induced embryogenesis from
callus. These embryos again transferred to sucrose containing media for proper embryo
development (Kochba and button, 1974).

The relative concentrations of the two growth regulators (auxin and cytokinin) in the
induction medium determine the type of morphogenic differentiation after transfer to hormone-
free medium. Whereas high 2,4-D to kinetin favours embryo/shoot differentiation the reverse
ratio favours rooting (Bhojwani and Razdan, 1996). Small cut pieces of calli (derived from stem
explant of Rough lemon) cultured on MS media supplemented with 3 mg L™ BAP directly put
forth shoot organogenesis and the maximum of 83% was obtained on the above medium (Ali and
Mirza, 2006). But the regeneration percentage was less (57%) in leaf explant cultured on MS
supplemented with even less amount of auxin ( 0.5 mg L™* NAA and 1 mg L™ BAP), while in
stem explant the recovery was slightly high (71%) on MS media with 0.5 mg L™ NAA and 3 mg
L™ BAP (Savita et al., 2010). The ability of woody plant medium (WPM) supplemented with
various growth regulator have been reported to induce direct shoot proliferation from
embryogenic callus in citrus (Laskar et al., 2009). Supplimentation of NAA (10 mg/l) proved
better as compared to 2,4-D for establishing embryogenic callus cultures of Citrus reticulata (Gill
et al., 1995). Effect of sucrose on somatic embryogenesis was reported earlier in many crops.

Somatic embryo regenerated from somatic tissue also require maturation like seed
embryos, addition of very less concentration of ABA in the medium or the factors such as
temperature shock, osmotic stress, nutrient deprivation and high density inoculum, can act as a
substitute for ABA, presumably by inducing the embryos to synthesize the hormone. The
matured embryos can be transfer to the medium containing GA3z will give raise to complete plant
regeneration (Bhojwani and Razdan, 1996).

Rooting of elongated shoots was successfully obtained in citrus by transferring elongated
shoots to MS medium supplemented with auxins like NAA and IBA. Ali and Mirza (2006)
reported that Rough lemon shoots transferred to rooting medium (MS media along with NAA 0.5
mg L) induced 70% rooting, whereas Laskar et al. (2009) reported that 1 mg L™* NAA induced
92% rooting with 3 roots per shoot and higher root length (3.8cm) in Citrus indica. Use of NAA
for root induction was also confirmed in mandarin (1.5 mg L™ NAA). Other forms of auxins like
IBA (1 mg L™) in sweet orange (Almeida et al., 2004) and IAA (1 mg L™) in lime (Al-Khayri
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and Al-Bhrany, 2001) was suggested. Dipping the base of the explants in 100 mg L IBA
solution for 5 seconds resulted in 80% rooting and 90% survival during acclimatization in lemon
(Kotsias and Roussos, 2001). The half MS medium added with 3% sucrose and different
combinations of BAP (benzylaminopurine), NAA (naphthaleneacetic acid) and IBA
(indolebutyric acid) for four weeks was observed to increase epicuticular wax per unit area of leaf
and higher chlorophyll content in citrus. Soares and Miranda (2016) suggested that sweet orange
sprouts can be better in vitro grown (cv. Pear and cv. Rangpur lime) on culture medium
containing ¥2 MS medium, 3% sucrose and supplemented with 1.0 mg L NAA + 1.5 mg L™ IBA
or 0.5 mg L™ NAA + 2.0 mg L™ IBA, where long, branched and fine roots providing high
survival rates and better development of seedlings during the acclimatization was observed.
Acclimatization of in vitro regenerated plantlets should be done in efficient manner, this
will ensure maximum survival rate and improve tolerance to different stress under open field
condition. For that well developed in vitro plants of citrus should be acclimatized in a relatively
low humidity and higher light intensity in gradual manner (Paudyal and Haq 2000).
Alternatively, Hazarika et al. (1999) reported that preconditioning of microshoots with
paclobutrazol influence higher ex vitro survival by intensifying internode length, thickening roots
and reducing leaf dehydration by regulating stomatal function. Moreover, acclimatized plantlets
were transferred to a greenhouse in plastic containers using autoclaved vermiculite as substrate
and addition of 10 ml nutrient solution (rooting medium used for rooting)/plant every two weeks

was conformed better survival rate of seedlings (Soares and Miranda, 2016).

2.1.3 Histology

The totipotency of single cells can be utilized to induce solid mutants through in vitro
techniques. Since indirect somatic embryogenesis (ISE) and direct somatic embryogenesis (DSE)
play an essential role in single-cell regeneration, these techniques have immense value in citrus in
viro mutagenesis (Omar et al., 2016). However the single cell regeneration ability of above
techniques needs to be proved before utilizing them for soild mutant induction. Standard ISE
protocols in citrus using female reproductive organs such as stigma, style, ovary, ovule, etc., are
available (Gmitter and Moore, 1986; Cardoso et al., 2012; Omar et al., 2016). Earlier workers
have suggested ISE of undeveloped ovules as the most effective protocol for citrus improvement
(Grosser et al., 2000; Dutt et al., 2010; Ge et al., 2015; Omar et al., 2016). Contrary to the

recommendations given by earlier workers, few researchers have also reported the frequent
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occurrence of somaclonal variations from ISE system (Grosser et al., 2007; Hao and Deng, 2002;
Dutt and Grosser, 2010; Meziane et al., 2017). Similarly, the ISE system, although have been
reported to induce high-frequency somatic embryogenesis, ex vitro characterization of obtained
plantlets is difficult due to the low recovery of hardened plantlets (Grosser and Gmitter, 1990).
Recent studies emphasize the importance of DSE for overcoming the somaclonal variation as
well as rapid mass multiplication and high plantlet recovery in different fruit crops such as
banana, citrus, date palm, mango and passion fruit (Kochba et al., 1972; Navarro and Juarez,
1977; Panis et al., 1993; Wu et al., 2007; Silva et al., 2021). DSE technique holds promise,
particularly in polyembryonic fruit crops. In some citrus species, the sporophytic mixed apomixis
type of polyembryony has been reported and contains both zygotic and nucellar embryos within
the same seed (Bewley et al., 2012). Polyembryony in citrus is referred to as nucellar embryony
because of its nucellus origin (Kepiro and Roose, 2007). For achieving in vitro DSE, nucellus
tissue can be utilized by taking advantage of pre-determined embryogenic and primordial cells in
nucellar embryonic varieties. It leads to embryo development from single-cell to fulfil the need of
its usage in solid mutant induction (Bitters et al., 1972; Kochba et al., 1972; Navarro and Juarez,
1977; Kobayashi et al., 1979). From a mutagenesis perspective, removing the embryos before
explant inoculation is a prerequisite to avoiding zygotic variation and chimera formation.
Migration of embryos towards the micropylar end after pollination is the characteristic feature of
nucellar embryony and the duration of its complete migration varies among citrus species
(Wakana and Uemoto, 1987). Therefore, histological identification of explant developmental
stages with probable complete migration of embryos towards the micropylar end must be
standardized to confirm the absence of embryos from explants before inoculation. Similarly the
origin of embryos from single cell also needs to be proven for their utility in soild mutant
induction. Mandarins are parent for many citrus species of polyembryonic origin. It is well-
established that mandarin varieties are recalcitrant and give poor in vitro regeneration response
(Gmitter and Moore, 1986; Tomaz et al., 2001; Ricci et al., 2002; Germana, 2003; Benelli et al.,
2010). The wild and primitive nature may be the reason for a few of its varieties to respond
poorly under in vitro culture conditions. Further, the interspecific hybridity of Kinnow (C. nobilis
x C. deliciosa) makes embryogenesis complex. Although nucellus cultures can induce DSE in
citrus, the injury caused during tissue excision gives a lower success, hence need histological
understanding (Bitters et al., 1972; Kochba et al., 1972; Navarro and Juarez, 1977).
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2.2 In vitro mutagenesis

Breeding tools can be selected based on the growing nature and reproductive biology of
the plant. In perennial fruit trees still introduction and selection of existing (gene) variability are
the dominant breeding approaches because the inherent problem faced with other methods.
Although hybridization can create variability and the existing gene pools (inculding different
varieties, species and genera) of the same crop can be utilized, the novel genes cannot be created
via hybridization. Moreover, the unwanted traits might be introduced into the progeny via genetic
drag. The fruit industry relies on a limited number of clonally propagated cultivars established on
recognized fruit quality parameters and consumer familiarity with the product and is very
reluctant to changes. This limits the use of cross-breeding in fruits, as fruit cultivars are generally
highly heterozygous and progenies from cross-breeding express a large number of traits which
are different from those of the parents. Other specific problems which are responsible for
obtaining useful recombinants a laborious task are polyploidy, incompatibility, apomixis and
long juvenile period. Here comes the role of mutation breeding, by which novel genes can be
created without changing genetic background of the crop. Induced mutations change only one or
a few specific traits of an elite cultivar and can contribute to fruit crops improvement without
upsetting neither the requirements of the fruit industry nor the consumers (Predieri, 2001).
Although, spontaneous and induced mutations have already played an important role in the
development of many fruit cultivars, current scientific and technical advances can provide
mutation induction with new possibilities.

Mutation is defined as heritable changes in the DNA sequences that are not derived from
genetic segregation or recombination (Van Harten, 1998) and these can be induced artificially by
physical or chemical mutagen treatment. Initially mutation breeding was successfully achived my
in vivo methods. Now, the mutation breeding combined with in vitro techniques (called in vitro
mutagenesis) offers excellent chance for the induction of genetic variation by improving the
selection efficiency and shortening the breeding cycle. Modern breeding approaches such as in
vitro mutagenesis have opened new vistas for achieving the traits of interest over ex vitro
mutagenesis (Penna et al., 2012). Most significant advantage of in vitro mutagenesis is the solid
mutant induction and thus it can be considered a powerful speed breeding tool in perennial fruit
crops. other advantages of in vitro mutagenesis are large numbers of propagules can be used for

mutation induction in a small space, several cycles of subculture can be carried out in a short
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period of time to dissociate chimeras, ensure high mutant population recovery for selection and
evaluation. The selection of mutants is done in a short period of time by exerting the selection
pressure on irradiated in vitro cultures and mutant plants can be regenerated and multiplied in
large numbers by micropropagation.

In vitro mutagenesis is an important technique especially in citrus breeding because of
highly heterozygous nature, long juvenility and some of the specific problems like
incompatability, apomixis, sterility and maintenance of large progenies from cross breeding is
difficult and it is a time consuming task. In citrus induced mutations have compensation for
conventional breeding by changing only one or a few specific traits of elite cultivars without
changing its genetic background. In vitro mutagenesis have several advantages over in vivo
mutagenesis in citrus such as large number of plant materials (axillary buds, shoot tips, organs,
tissues and cells) can be treated and handled easily, selection and cloning of mutagenic
populations and easy sub culturing achieved to remove chimera from mutated populations
(Ahloowalia et al., 1998).

2.2.1 Selection of mutagens for in vitro mutagenesis:

The rate of mutations needs to be enhanced by the induction of genetic variability using
physical and chemical mutagen treatments as normally used in mutation breeding (Broertjes and
Van Harten, 1988; Ahloowalia, 1998). The most commonly used chemical mutagens are ethyl
methanesulfonate (EMS), diethyl sulphate (dES), ethylene imine (EI), ethyl nitroso urethane
(UNE), ethyl nitroso urea (ENH) and methyl nitroso urea (MNH) (Ahloowalia, 1998; Cassells,
1998; Van Harten, 1998; Predrieri, 2001). Each one differ in their mode of action, among these
EMS is most commonly used for in vitro mutagenesis in fruit crops. Physical mutagens, such as
ultraviolet light, X-rays, gamma rays, low and high energy beam neutrons are commonly used,
basically they differ in their energy and penetration. Among this gamma ray was reported to be
mostly used for in vitro mutagenesis of fruit crops. The mutagen selection is very much
dependent on the plant material which is selected for mutagen exposure. Organs such as shoot
tips, meristems, axillary buds, cell suspension and protoplasts are most frequently used explants
for mutation induction. lonizing radiation penetrates deeper into the plant tissue and can induce
various types of chemical changes. The gamma-rays have been most widely used in ionizing
radiation and most effective in plant breeding. The vast majority of mutant varieties were

obtained following mutagenic treatment with radiation (gamma rays, X-rays, fast neutrons) thus
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highlighting the importance of physical mutagens. The mutantion frequency, spectrum, screening
and the method of application vary between the mutagenic agents. Therefore, it is very important

to choose appropriate mutagenic agent to generate a wide range of mutant populations.

2.2.2. Standardization of mutagen dose:

Since mutagens induce deleterious effect on exposed tissue, standardization of dose
required for optimum mutation induction is crucial. In vitro explants are tender and very delicate
in nature; previously standardized doses may not be appropriate for the selected explant. Hence
establishment of the Radio Sensitivity Curve and determination of LDsy dose is one of the first
important steps in mutagenesis experiments before going for actual mutant population
development. Although Neville et al. (1998) have proposed a precise method for the
determination of the radiation dose absorbed, the common procedure to assess appropriate dosage
is based on understanding the radio sensitivity of the tissues/cells. Theoretically, the highest
frequency of mutations can be expected from a mutagen treatment killing about 50% of the
treated materials (LDsp) (Van Harten, 1998), and hence the LDsy dose of the mutagen shall be
obtained from a radio sensitive curve. After designing the standard procedures of mutagenesis
(chemical or physical) in view of safety aspects, the explants should be treated with wide range of
mutagen doses (0 to 100% lethality) in a replicated manner (Broertjes and Van Harten, 1988;
Britt, 1996). Data should be recorded on traits, such as fresh and dry weight gain and number of
complete plantlets retrieved etc., and then LDsy values can be estimated (Predieri, 2001).
Furthermore, LDso dose can be determined by staining the irradiated or chemical mutagen treated
cells by fluorescein diacetate (FDA). This is often used to determine cell or protoplast viability.
Cells are stained with FDA and then the number of dead versus live cells ml™ is calculated to
obtain LDsy (Noland and Mohammed, 1997).

In citrus Tallon et al. (2015) used nodal segments as explant for gamma irradiation, while
Kumar et al. (2010) used epicotyls segments as an explant for chemical mutagenesis (EMS).
Sharma et al. (2013) used cotyledons as explant for EMS treatment. Altaf et al. (2000) exposed
sweet orange fruits directly to gamma rays and seeds/ovules were futher regenerated. In rough
lemon Sharma et al. (2013) induced variation by treating seeds with gamma rays. The sweet
orange seeds were treated with different doses i.e., 0, 10, 20, 30, 40 and 50 Gy of gamma
irradiation, the probit analysis showed 27 Gy as a LDsp dose (Ling et al., 2008). Agisimanto et
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al. (2016) used nucellus tissues as an explant and direct exposer of explants to 10-120 Gy gamma
irradiation showed LDsy at below 30 Gy, but no variations were observed from regenerated
population. Saini and Gill (2009) exposed rough lemon fruits to gamma radiations and they found
that 8 Kr can be a LDs value.

Attempt on in vitro EMS induced mutagenesis in banana and subsequent screening for
salinity, drought, acidity, soil infected with fungal disease etc., resulted in germplasm
enhancement with Fusarium wilt and block sigatoka resistant plants (Jain, 2010) in Finland. The
performance of the mutant plants is evaluated on the basis of survival rate and other agronomical
aspects, including yield. In India at ICAR-1ARI, New Delhi, irradiation sensitivity of four juice
and wine grape genotypes i.e., Pusa Navrang, Pearl of Csaba, Hybrid 76-1 and Julesky Muscat
was ascertained using nodal explants after treating with gamma irradiation. The steps followed
for in vitro mutagenesis study includes determination of LDs, dose, regeneration of mutants from
all those varieties followed by analysis of genetic variation using RADP and SSR markers.
Further, in vitro mutant plants were field planted and the parameters like maturity time, yield and
quality were assessed (Dev et al., 2014). Similarly in vitro gamma irradiation induced
mutagenesis followed by PEG induced drought tolerance screening was studied in Grape (Vitis
vinifera L.) cv. "Black Matrouh™ the preliminary screening for determination of LDs, values
resulted in 50 Gy as an optimum dose. The ISSR markers were identified as a potential marker
for initial estimation and selection of drought tolerant varients in grape.

Suspension cells of the Thompson seedless grape was subjected to in vitro mutagenesis,
the study resulted in induction of deletion mutation, it created biallelic mutations in the first
generation, these plants had knockout of VVWRKY52 gene and the modification resulted in
improved resistance to Botrytis cinerea. Similarly in date palm the Bayoud disease (Fusarium
oxysporum f. sp. albedinis) field tolerant mutants were induced using gamma irradiation of
somatic embryogenic cell cultures. The regenerated plants are screened against Bayoud toxin
applied in green house hardened plants in Finland (Jain, 2012). In strawberry, in vitro buds of
two important cultivars Akihime and DNKWO0O01 were gamma irradiated and EMS mutagenesis
was done to produce genetic variants, resultant variants were outstanding in cause of fruit weight,
total soluble solid content and fruit color (Murti et al., 2013) in Korea. Similarly the radio
sensitivity of leaf somatic tissue of two important apple varieties Prima (30 Gy) and Granny
Smith (40 Gy) were investigated by Kolova and Slatinski (2014) at plovdiv in Bulgeria. In guava
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cv. Safeda rooting is very difficult while multiplying the plants, by gamma ray induced mutation
in shoot tip the rooting ability was increased at Pakistan (Zamir et al., 2004). In banana EMS
induced mutation induction and amenability of the induced population to TILLING technology
were assessed by Jankowicz-Cieslak et al. (2012) at Austria. In Pineapple cv. Smooth Cayenne
and Sugar leaf drought tolerant variants was created using shoot tip explants and gamma ray
induced mutation and in each cultivar 2600 varients were screened for drought tolerant in field by
prolonged drought exposure. Citrus canker the world quarantine disease caused by Xanthomonas
citri ssp. citri (Xcc), is hard to be completely controlled by chemical sprays, and the selection of
citrus genotypes resistant to the pathogen becomes one of the most important ways to control the
disease. To create citrus canker tolerance varients in sweet orange, the embryogenic calli were
subjected to ethyl methanesulphonate (EMS) mutagenesis and in vitro selection pressure
technique was applied, the study could induced varients which were showing tolerance to Xcc
bacterial inoculums (Ge et al., 2015). Hence in vitro mutagenesis is a valuable tool for trait

specific citrus improvement.
2.3: Validation of in vitro mutagenesis efficiency

Earlier mutants were mostly selected by observing phenotypes of individual plants in
mutated populations treated with chemical or physical mutagens. Variation occurred due to
induced mutagenesis should be assessed for its stable occurrence because the effect of mutation
will be highly influenced by environment. Variation can be identified using morphological
differences but most citrus groups of commercial importance are having long juvenility often
necessary to grow seedlings for more than five years for fruiting. Biochemical markers such as
proteins and enzymes can be used as efficient markers in crop improvement but they are very few
in number and sensitive to environmental fluctuations. Therefore, genetic markers (DNA based
markers) that can distinguish plants at early stage will greatly facilitate the breeding programmes.
Molecular markers tightly linked to an important trait can be useful for marker-assisted selection
(MAS). AFLP is a technique that combines aspects of both RFLP and DNA amplification using
the polymerase chain reaction (PCR). AFLP typically allows the analysis of dozens of DNA
markers simultaneously. Genetic markers like RAPD markers were already used by Deng et al.
(1995) in lemon as well as Dev et al. (2014) in other citrus species. Recently, ISSR and SSR
markers have been tested for mutant identification (Kumar, 2020, Agisimanto et al., 2016,
Dhillon et al., 2014; Sianipar et al., 2014; Sharma et al., 2022).
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3. MATERIALS AND METHODS

The present study entitled “In vitro mutagenesis and validation of mutants using
molecular markers in Kinnow mandarin” was carried out at Division of Fruits and
Horticultural Technology, ICAR-Indian Agricultural Research Institute (IARI), New Delhi-110
012 during 2017-2022. In vitro experiments and molecular marker based fidelity testing as well
as mutants validation were conducted at Central Tissue Culture Laboratory and Division of
Molecular Biology & Biotechnology, (ICAR-National Institute for Plant Biotechnology), New
Delhi-110 012. Histological and light microscopic studies were carried out at Division of
Nematology, while stereomicroscopic observations were taken at Division of Floriculture &
Landscaping, ICAR-IARI, New Delhi, while gamma irradiation facility was availed from
Nuclear Research Laboratory (NRL), Division of Environment Science, ICAR-IARI, New
Delhi-110 012. The Phenomics studies were conducted at Nanaji Deshmukh Plant Phenomics
Centre, Division of Plant Physiology, ICAR-IARI, New Delhi-110 012. The studies were
grouped into eight main experiments and the details of the Materials and Methods used in the

present investigation are experiment wise furnished below.

Experiment No. 1: Assessment of indirect organogenesis ability of explants representing

different maturity stages in Kinnow mandarin.

Experiment No. 2: Assessment of somatic embryogenesis ability of explants representing

different maturity stages in Kinnow mandarin.

Experiment No. 3: Histological validation of single cell origin of DSE and ISE derived

regenerants in Kinnow mandarin.

Experiment No. 4: Genetic fidelity testing of DSE and ISE derived regenerants in Kinnow

mandarin.

Experiment No. 5: Determination of LDsq specific to gamma irradiation and EMS treatment

for both DSE and ISE system explants in Kinnow mandarin.

Experiment No. 6: Regeneration of gamma irradiated and EMS treated DSE and ISE system

explants in Kinnow mandarin.
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Experiment No. 7: Morphological characterization of gamma irradiated and EMS treated

DSE and ISE system variants in Kinnow mandarin.

Experiment No. 8: Molecular validation of gamma irradiated and EMS treated DSE and ISE

system variants in Kinnow mandarin.

3.1 Materials
3.1.1 Plant materials

Seven years old budded plant of Kinnow mandarin maintained at a spacing of 6 m x 6 m
on Jatti Khatti rootstock in the experimental orchard of Division of Fruits and Horticultural
Technology, ICAR-IARI, New Delhi, India (latitude 28° 38’ 23" N, longitudes 77° 09’ 27" E)
was used as mother plant. Before collecting the explants, mother plant was sanitized with 100
mg L streptomycin and 0.2% each of Bavistin® (Carbendazim) + Ridomil Gold® (Metalaxyl +
Mancozeb). The mother plants were maintained in accordance with the recommended cultural
practices.
3.1.2 Glassware and plasticware

Reusable test tubes (150 X 25 mm), conical flask (150 — 250 ml), culture bottles (250
ml) with screwable tight fitting polypropylene caps and borosilicate glass screw cap reagent
bottles of amber/transparent (100 - 1000 ml) were procured from Borosil®, Mumbai, India.
Sterile disposable, optically clear Petri plates 90 mm diameter x 15 mm height (polystyrene,
individually packed) of Himedia® Maharashtra, India were used. Vacuum filtration unit with
polyester staple fiber (250 ml) reusable bottle top filter of Tarson®, Kolkatta, India and
Durapore® PVDF membrane filters with pore size of 0.22 um and 0.44 um WH PL (white colour
with plain surface) from Merk Life Science Pvt. Ltd., Bangalore, India were used for sterilization
of thermolabile media supplements.
3.1.3 Chemicals

Ready to use plant tissue culture grade Murashige and Skoog (MS) medium (PTO 21),
Murashige and Tucker (MT) medium (PT151), Driver & Kuniyuki Walnut (DKW) medium
(PT147) and Gamberg Bs (PT127) were procured from Himedia®, Maharashtra, India. Similarly,
inorganic salts, organic ingredients, sucrose, agar, gelrite, polysorbate 20, plant preservative
mixture (PPM) and activated charcoal used for culture media were also purchased from
Himedia®. Whereas, growth regulators of cell culture grade, DMSO, HgCl,, AgNOs, HQC,
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sodium thiosulfate, formaldehyde, potassium permanganate, HCl, KOH and NaOH were used
from Sigma Chemicals Co., USA and Central Drug House (P) Ltd., New Delhi, India.
3.2. Methods
3.2.1 Sanitation of thermostable and thermolabile glasswares and equipments

Thermostable materials such as culture bottles, test tubes were subjected to wet heat
sterilization in an autoclave (1.05 kg/cm? or 15 Ibs/inch? pressure) for an hour, to kill microbial
contaminants and detoxify chemicals adhering to the culture vessels. Autoclaved materials were
thoroughly washed using liquid detergent under running water and rinsed with distilled water.
After proper drying, the cleaned materials were once again autoclaved for an hour and stored in a
dust-free environment. Likewise, thermostable materials such as stainless steel forceps, scalpels,
needles, knives and scissors as well as glass Petri dishes, syringes, cotton plugs and blotting
papers (10 sheets of 15 cm x 15 cm) were individually packed in brown paper and tightly
packaged in autoclavable bags, whereas tissue paper, Whatman paper No.1, absorbent cotton,
eppendorf tubes and aluminium foil were arranged in sterile culture bottles then wet heat
sterilized in autoclave (1.05 kg/cm? or 15 Ibs/inch? pressure) for an hour. The double distilled
water required for various activities were also autoclaved for an hour. Thermolabile materials
such as use and throw sterile Petri dishes, plastic containers, squeeze bottles, test tube stands,
plastic pots and equipments like vacuum filtration unit were wiped with 70% ethanol and UV
sterilized for 30-45 min under LAF chamber.

3.2.2 Plant bio-regulator (PBR) stock solution preparation and storage

For PBR stock preparation 25 mg of each PBR were dissolved in few drops of respective
solvent i.e. KOH/NaOH or HCI and volume made up to 25 ml using sterile distilled water. For
GA; absolute ethanol was used, whereas TDZ (Thidiazuron) was dissolved in DMSO (Dimethyl
sulfoxide). The PBR stocks of 1 mg in 1 ml concentrations were then filter sterilized using
syringe filters (0.22 um filters) and collected in eppendorf tubes (1.5 ml) or culture vials (15 ml).
Eppendorf tubes or culture vials of each PBR were arranged in separate sterile bottles under
aseptic conditions and then stored at 4 C with proper labeling and air tight sealing. Similarly
stocks of organic/inorganic additives and vitamins were dissolved in sterile distilled water , filter
sterilized and stored at 4 C in refrigerator using amber colour sample vials. Fresh stocks were

prepared at bimonthly interval.
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3.2.3 Media preparation

In 600 ml of sterile double-distilled water, the required quantity of basal medium, growth
regulators, additives and 50 g L™ sucrose were added in polypropylene containers. The
components were then thoroughly dissolved and homogenized using a magnetic stirrer and the
final volume was made up to 1 litre. Prior to addition of gelling agent (7 g L™ agar/2.5 g L™
gelrite), the pH was adjusted between 5.7-5.8 using 0.1N KOH or HCI. The molten medium was
homogenized and the required quantity was transferred into the respective containers followed
by capping and autoclaving at 121°C (15 psi) for 20 min.

For thermolabile compounds, prepared molten medium containing all the components
were taken in reagent bottles and wet heat sterilized using autoclave as mentioned above. The
required quantity of filter-sterilized thermolabile compounds, such as coconut water, AgNOs,
STS, EMS and others were added in to the autoclaved medium in the LAF chamber after the
media had cooled to lukewarm temperature. The media was thoroughly mixed without forming
bubbles before being distributed into the appropriate containers. After solidification of medium,
the containers were closed with caps, tightly wrapped with parafilms, labeled and stored under
ambient temperature until further use in an aseptic area.

3.2.4 Aseptic culturing

The LAF chamber was wiped with 70% ethanol and all the necessary items needed for
media preparation, culturing, subculturing and pots required for hardening were wiped with 70%
ethanol and placed inside the LAF chamber and UV sterilized for 30-45 minutes. During
operation, UV light was turned off, LED lights were turned on and sterile air was blown into the
workspace. After every operation forceps and blade were dry heat sterilized by dipping in 100%
ethanol and flame sterilized until red hot. For every operation the same procedure was followed.
Before and after every new operation working area was cleaned with 70% ethanol. Laboratory
was fumigated twice in a month by pouring 38-40% formaldehyde in culture bottles containing
potassium permanganate granules. After 3 days when fumes were completely escaped from the
laboratory, the work was resumed. The cultures were maintained under aseptic culture rooms
with 25 + 2T temperature, 70-80% relative humidity (RH) and photoperiod of 16/8 light/dark
cycle (26.81 pmol m? s™) using LED bulbs.
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3.3 Experiment No. 1 Assessment of indirect organogenesis ability of explants

representing different maturity stages in Kinnow mandarin.

Three different explants representing vegetative (inter-nodal segment), juvenile (epicotyl
segment) and reproductive (juicy vesicle) tissues were assessed for induction of indirect

organogenesis.

a. Optimization of vegetative tissue (nodal segment) for obtaining internodal segment
explant
Nodal segments were chosen as source tissue for raising in vitro shoots through direct
organogenesis, which was further utilized to obtain year round tender, aseptic internodal segment
explants. Preliminary attempts on in vitro shoot organogenesis using published protocols of
Mukther et al. (2005) and Sharma et al. (2012) resulted in poor in vitro response such as short
internodes, thin hardy shoots and severe premature abscission. To tackle the problem, detailed
investigation was carried out as sub-experiments.
(i) Disinfection of nodal segment explants
Sub-experiment 1.1 Disinfection of tender and softwood nodal segment explants in Kinnow
mandarin

Experimental design

Design FCRD

Replication 3

Factor 1 Explant maturity stage (as listed in Table 3.1)
Factor 2 Sterilization treatments (as listed in Table 3.1)
No. of units 25

Shoots were detached from the mother plant in the morning hours using sterile surgical
blade and were transported to laboratory in clean polythene bags along with ice packs. The
shoots were washed thoroughly in running water to clean the adhering dust. Using sterile
surgical blade, leaves were trimmed off from the shoots by retaining petiole. Thereafter, nodal
segment explants were prepared by retaining 3-4 nodes. Microbial contaminants of tender and
soft wood nodal segments were removed following sequence of surface sterilization treatments
as mentioned in table 3.1. Between each step, explants were rinsed thrice with sterile double
distilled water. Finally, nodal segments of 1.5 - 2 cm containing single or double buds were
prepared and inoculated onto the media.
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Table 3.1 Surface sterilization treatments for tender and softwood nodal segment explants

in Kinnow mandarin

Factor 1: Explant maturity stages

Explant maturity stage Explant code

Tender shoot E;

Softwood E,

Factor 2: Sterilization treatments

Treatments Treatment code

Control (Sterile double distilled water wash for 120 min) SS;

(0.1% Bavistin® + 0.1% Ridomil Gold®) 30 min + (2.0% NaOCI SS,
(v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold®) 30 min + (2.0% NaOCI SS;
(v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold®) 60 min + (2.0% NaOCI SS,
(v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold®) 60 min + (2.0% NaOCI SSs
(v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold®) 120 min + (2.0% NaOCI SSe
(v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold®) 120 min + (2.0% NaOCI SS;
(v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold® + 200 ppm HQC) 30 min + SSs
(2.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold® + 200 ppm HQC) 30 min + SSg
(2.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold® + 200 ppm HQC) 60 min + SSio
(2.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold® + 200 ppm HQC) 60 min + SSy
(2.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold® + 200 ppm HQC) 120 min SS1,
+ (2.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.1% Bavistin® + 0.1% Ridomil Gold® + 200 ppm HQC) 120 min SSi13
+ (2.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

Observations recorded:

1. Per cent survival (%)
Mean number of explants survived after surface sterilization
= X 100
Total number of explants treated and inoculated
2. Per cent mortality (%)
Mean number of explants dried after surface sterilization
= X 100
Total number of explants treated and inoculated
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Sub-experiment 1.2 Disinfection of semi hardwood and hardwood nodal segment explants
in Kinnow mandarin

Experimental design

Design FCRD

Replication 3

Factor 1 Explant maturity stage (as listed in Table 3.2)
Factor 2 Sterilization treatments (as listed in Table 3.2)
No. of units 25

Shoots of semi hardwood and hardwood nodal segments were also collected and prepared
as per the method described in the sub-experiment 1.1 and then subjected to sequence of surface
sterilization treatments as mentioned in table 3.2.

Table 3.2 Surface sterilization treatments for semi hardwood and hardwood nodal segment

explants in Kinnow mandarin

Factor 1: Explant maturity stage

Explant maturity stage Explant code

Semi hardwood E;

Hardwood E4

Factor 2: Sterilization treatments

Treatments Treatment code

Control (Sterile double distilled water wash for 120 min) SH;

(0.5% Bavistin® + 0.5% Ridomil Gold®) 30 min + (4.0% NaOCI SH,
(v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold®) 30 min + (4.0% NaOCI SH;
(v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold®) 60 min + (4.0% NaOCI SH.
(v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold®) 60 min + (4.0% NaOCI SHs
(v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold®) 120 min + (4.0% NaOCI SHe
(v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold®) 120 min + (4.0% NaOCI SH;
(v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC) 30 min SHs
+ (4.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC) 30 min SHy
+ (4.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC) 60 min SHio
+ (4.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC) 60 min SHy;
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+ (4.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec

(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC) 120 min SHa1,
+ (4.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec
(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC) 120 min SHa3

+ (4.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec
Observations recorded:

Similar formula on per cent survival and per cent mortality were used to record the

observations as given in the sub-experiment 1.1.
(if) Micro-shoot regeneration through direct organogenesis

Sub-experiment 1.3 Effect of explant maturity stage and media type on primary shoot
emergence and premature abscission response of nodal segment in

Kinnow mandarin

Experimental design

Design FCRD

Replication 3

Factor 1 Explant maturity stages (4 levels as listed in Table 3.3)
Factor 2 Basal media ( 3 levels as listed in Table 3.3)

No. of units 25

Surface sterilization, explant preparation and culture initiation

Microbial contaminants were removed following standardized surface sterilization
treatments. Tender and soft wood nodal segments were immersed in combinations of 0.1%
Bavistin® + 0.1% Ridomil Gold® with 1-2 drops of Tween® 20 (Hi Media, India) for 30 min in
double-distilled water. The nodal segments were then surface sterilized inside a laminar air-flow
chamber with agitation in 2.0% NaOCI for 15 min and 70% ethanol (v/v) for 30 sec. Semi
hardwood and hardwood nodal segments were immersed in 0.5% Bavistin® + 0.5% Ridomil
Gold® + 200 mg L™' 8 HQC along with 1-2 drops of Tween® 20 for 120 min followed by
sterilization with 4.0% NaOCI for 20 min in laminar air-flow chamber. Between each step,
explants were rinsed thrice with sterile double distilled water. Finally, nodal segments of 1.5 - 2
cm containing single or double buds were prepared and inoculated onto the culture media as per
the treatment given in table 3.3. The culture media was prepared following the methods of

section 3.2.3. Subculturing was done once in every 12-15 days.
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Table 3.3 Explant maturity stages and basal media tested for primary shoot emergence and

premature abscission response of nodal segments in Kinnow mandarin

Factor 1: Explant maturity stages Factor 2: Basal media
Maturity stage Explant code Medium Medium code
Young tender shoots
(March 15-20 DASE) B MS M
Softwood E.
(April - May 30-60 DASE) MT M2
Semi hardwood Es
(June-July 90-120 DASE)
Hardwood E, DKW Ma
(February dormant shoots )

Observations recorded:

1. Bud break (days)
Mean number of days were counted and calculated for axillary buds to sprout
from the day of nodal segment inoculation.

2. Shoot emergence (days)
Mean number of days were counted and calculated for shoot emergence from the
day of nodal segment inoculation.

3. Shoot emergence efficiency (%)

Mean number of cultures responded to shoot emergence
= X100
Total number of explants survived after disinfection

4. Leaf unfolding efficiency (%o)

Mean number of cultures responded to leaf formation
= X 100
Total number of explants responded to shoot emergence

5. Abscission rate
Mean days of detachment of leaves or shoots after inoculation was observed and
rated as follows. ++ represent the severe abscission by initiation of abscission <30
days after explant inoculation, while + represent the delayed abscission of > 30

days after explant inoculation.
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Mother plant

Plate 3.1 Mother plant and explant maturity stages of nodal segments for in vitro direct organogenesis in Kinnow
mandarin A. Mother plant, B. Various maturity stages of nodal segments (E;-Young tender shoots, E,- Softwood
shoots, E3- Semi hardwood shoots and E4- Hardwood shoots)
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Sub-experiment 1.4 Effect of different PBRs on primary shoot emergence and premature

abscission response of hardwood nodal segments in Kinnow mandarin

Experimental design

Design CRD

Replication 3

Explant Hardwood nodal segments

PBR treatments MS Medium with various concentrations of PBR (Table 3.4)
No. of units 25

Plant bio-regulators have been reported to control abscission. Hence the effect of various
PBR and its combination were tested for abscission response in Kinnow nodal segment explants.
Steps involved in explant and culture media preparation, culture initiation, subculture and aseptic
culture maintenance were carried out as mentioned in sub-experiment 1.3. The prepared explants
were inoculated on treatments as given below.
Table 3.4 PBR tested for primary shoot emergence and premature abscission response of

hardwood nodal segments in Kinnow mandarin

PBR Concentration (mgL™) Treatment code
- - Co (control)
BAP 0.5 B,
1.0 B,
1.5 Bs
2.0 B,
2.5 Bs
5.0 Bs
10.0 B7
Kinetin 0.5 Ky
1.0 Kz
1.5 Ks
2.0 Ky
2.5 Ks
5.0 Ke
10.0 K7
GA; 0.5 G
1.0 G,
15 Gs
2.0 Gy
2.5 Gs
10.0 Gs
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Observations recorded:

1.

Bud break (days)
Same as sub-experiment 1.3
Shoot emergence (days)

Same as sub-experiment 1.3

Bud break efficiency (%0)

Mean number of cultures responded to budbreak
= X 100
Total number of explants survived after disinfection

Shoot emergence efficiency (%)
Same as sub-experiment 1.3

Number of micro-shoots/explant
Mean number of micro-shoots regenerated per nodal segment explant was
counted and calculated.

Length of micro-shoots (mm)
Mean length of the micro-shoots was measured in millimeters.

Number of leaves per micro-shoot
Mean number of leaves per micro-shoot from nodal segment explants was
counted and calculated.

Abscission rate

Same as sub-experiment 1.3

Sub-experiment 1.5 Effect of PBR combinations on primary shoot emergence and premature

abscission response of hardwood nodal segments in Kinnow mandarin

Experimental design

Design CRD
Replication 3
Explant Hardwood nodal segments

MS Medium with various concentrations of PBR as mentioned

PBR treatments

in table 3.5.

No. of units 25
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The various combinations of PBRs (Table 3.5) were tested in Kinnow mandarin
hardwood nodal segment. The observations were recorded following same procedure as given in

sub-experiment 1.4.

Table 3.5 PBR combinations tested for primary shoot emergence and premature abscission

response of hardwood nodal segment in Kinnow mandarin

Concentration (mg L™) Treatment code

BAP Kinetin

0.5 15 BK;
1.0 15 BK,
15 15 BKj
BAP GA;

0.5 15 BG;
1.0 15 BG;
15 15 BG3
BAP NAA

0.5 0.5 BN,
1.0 0.5 BN,
15 0.5 BN;
2.0 0.5 BN,
GA; NAA

0.5 0.5 GN;
1.0 0.5 GN,
15 0.5 GNj3
2.0 0.5 GN,

(iif) Premature abscission control
Sub-experiment 1.6 Effect of silver compounds on micro-shoot establishment and premature
abscission control response in Kinnow mandarin

Experimental design

Design CRD

Replication 3

Explant In vitro shoots of Gg medium
Treatments 7 (as listed in Table 3.6)

No. of units 25
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Earlier studies showed positive effect of ethylene inhibitors on significant abscission
control (Marutani-Hert et al., 2011, Eng et al., 2015, Navarro-Garcia et al., 2016 and Mahmoud
et al., 2020). Hence, detailed studies on effect of silver nitrate (AgNO3) and silver thiosulfate
(STS) on culture establishment were carried out. MS medium supplemented with BAP 2.5 mg L
1+ GA; 10 mg L™ was taken as control while silver nitrate and silver thiosulfate were added at
three different concentrations of 2.5, 5.0 and 10.0 mg L™ as listed in Table 3. The STS was
prepared as per the standard procedure i.e. 1:4 molar ratios of freshly prepared sterile 0.1 M
silver nitrate stock and 0.1 M sodium thiosulfate stock were mixed together in sterile Petri dish
under dark using sterile syringe to get STS (Navarro-Garcia et al., 2016). Since silver (Ag) is
highly thermolabile, filter sterilized silver compounds were added when autoclaved media cooled
down to lukewarm temperature. The shoots grown in the Gg¢ medium were subcultured onto
silver nitrate and silver thiosulfate supplemented media and the growth parameters were

recorded.

Table 3.6 Silver compounds tested for micro-shoot establishment and premature abscission

control in Kinnow mandarin

PBR + Silver compound (Conc. mg L™) Treatment code
BAP 2.5+ GA310.0 Control (BG)
BG + Silver nitrate 2.5 AN,
BG + Silver nitrate 5.0 AN,
BG + Silver nitrate 10.0 ANj3
BG + Silver thiosulfate 2.5 STS;
BG + Silver thiosulfate 5.0 STS;
BG + Silver thiosulfate 10.0 STS;

Observations recorded:

1. Abscission frequency (%)

Mean number of cultures abscised
= X 100
Total number of shoots cultured

2. Length of micro-shoots (mm)
Same as sub-experiemnt 1.4

3. Number of leaves per micro-shoot
Same as sub-experiemnt 1.4
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(iv) Indirect organogenesis of internodal segments

Sub-experiment 1.7: Effect of auxin on callogenesis response of internodal segments

obtained from in vitro raised micro-shoots in Kinnow mandarin

Internodal segments were obtained from in vitro shoots of sub-experiment 1.6 and split
into two half then inoculated on various treatments as mentioned in table 3.7.

Experimental design

Design FCRD

Replication 3

Factor 1 Basal medium (3 levels as mentioned in table 3.7)

Factor 2 Auxin concentrations (9 levels as mentioned in table 3.7)
No. of units 25

Table 3.7 Basal medium and auxin concentrations tested for callogenesis response of

internodal segments obtained from in vitro micro-shoots in Kinnow mandarin

Factor 1: Basal medium Factor 2: Auxin concentrations

Medium Medium code Auxin concentrations (mg L™") | Treatment code

MS M, Control (0) D,

MT M, 2,4-D (1.0) D,

DKW Ms 2,4-D (2.0) D

2,4-D (3.0) Dy

2,4-D (4.0) Ds

NAA (1.0) Ds

NAA (2.0) Dy

NAA (3.0) Ds

NAA (4.0) Dy

Observations recorded:

1. Callus induction (%)
Mean number of cultures induced undifferentiated mass of callus
= X 100
Total number of explants survived

2. Callus proliferation (%)
Mean number of calli clumps showing new growth
= X 100
Total number of calli subcultured
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Sub-experiment 1.8: Effect of auxin and organic additives on callogenesis response of
internodal segments obtained from in vitro raised micro-shoots in
Kinnow mandarin.

Experimental design

Design FCRD

Replication 3

Factor 1 Basal medium (3 levels as mentioned in table 3.8)

Factor 2 Auxin with organic additives (12 levels as mentioned in table 3.8)
No. of units 25

The procedure of sub-experiment 1.7 was also followed for explant preparation. The
explants were then inoculated on various treatments as given below and similar observations of

sub-expeeriment 1.7 i.e., callus induction % and callus proliferation % were recorded.

Table 3.8 Basal medium and auxin with organic additives tested for callogenesis response

of internodal segments obtained from in vitro raised micro-shoots in Kinnow

mandarin
Factor 1: Basal media
Medium Medium code

MS M;

MT M,

DKW M3

Factor 2: Auxin with organic additives
Auxin Organic additives Treatment code

2,4-D (1 mgL"% Coconut water 10 % (v/v) J1
2,4-D(2mgL") | Coconutwater 10 % (v/v) Ja
NAA (1 mgL™) | Coconutwater 10 % (v/v) J3
NAA (2mg L™ Coconut water 10 % (v/v) Ja
2,4-D(1mgL" | MaltExtract (500 mg L™) Js
2,4-D(2mgL" | MaltExtract (500 mg L™) Js
NAA (1 mgL™) | Malt Extract (500 mg L™) J;
NAA (2mgL™) | Malt Extract (500 mg L™) Jg
2,4-D (1 mgL") | Casein Hydrolysate (1500 mg L™) Jo
2,4-D(2mgL") | Casein Hydrolysate (1500 mg L™) J1o
NAA (ImgL™) | Casein Hydrolysate (1500 mg L™) Jn
NAA (2 mgL™) | Casein Hydrolysate (1500 mg L™) iz
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b. Optimization of juvenile tissue (in vitro seedlings) for obtaining epicotyl segment
explants
In vitro seedlings were raised from seeds and further used as source for obtaining epicotyl
segment explant for indirect organogenesis.
(i) In vitro seed germination
Sub-experiment 1.9 Effect of seed maturity, inoculation method and medium composition
on in vitro seed germination in Kinnow mandarin.

Experimental design

Design FCRD

Replication 3

Factor 1 Seed maturity stage (3 levels as listed in Table 3.9)
Factor 2 Inoculation methods ( 4 levels as listed in Table 3.9)
Factor 3 Growing media ( 4 levels as listed in Table 3.9)

No. of units 25

Table 3.9 Seed maturity stages, growing media and inoculation methods tested for in vitro

seed germination in Kinnow mandarin

Factor 1: Explant maturity stages

Seed maturity stages Explant code
Non desiccated seeds S,
(August to mid October >150 -230 days)
Transitional stage seeds S,
(mid October to November 230-275 days)
Fully desiccated seeds S3

(December to March > 275 days to end of harvest season)

Factor 3: Inoculation methods

Inoculation method Method code
Removal of inner and outer integument Cy
Removal of outer integument C,
Vfertical cut at chalazal end Cs
4 % Sodium hypochlorite treatment 20 min followed by Cq

complete removal of both integuments.

Factor 3: Growing media

Medium Medium code
Full MS SM;
Y2 MS SM;
Full MS + Activated charcoal 200 mg L™ SM;
Sterile potting mixture cocopeat: vermiculite: perlite (2:1:1) SM,
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To extend the period of epicotyl segment explant availability and to get high frequency
regeneration ability seeds of different maturity stages were collected from fruits as mentioned in
Table 3.9. Freshly harvested fruits were collected in an ice box and transported to laboratory.
Fruits were surface sterilized with 0.5% Bavistin and 0.5% Ridomil Gold® for explant
preparation. One hour after fungicide treatment, the fruits were taken into the laminar air-flow
chamber and rinsed twice with sterile double-distilled water, immersed in ethanol and flame
sterilized for few seconds. Following these procedures, fruits were cut open with sterile forceps
and scalpel. The seeds were then collected on the blotting paper. As mentioned in the Table 3.9
various inoculation methods were followed before inoculating on the 4 different media tested.
Observations recorded:

1. Invitro seed germination efficiency (%o)

Mean number of seeds germinated
= X 100
Total number of seeds inoculated

2. Days to in vitro seed germination (days)
Mean number of days taken for plumule and radicle initiation after seed
inoculation on tested media was calculated and expressed in days.

3. No. of germinated seedlings per seed

Mean number of seedlings per inoculated seed was observed and numbered.

(i) Indirect organogenesis of epicotyl segment

Sub-experiment 1.10: Effect of auxin on callogenesis response of epicotyl segments obtained
from in vitro raised seedlings in Kinnow mandarin.

Epicotyl segments were obtained from 14 days old in vitro etiolated seedlings of sub-
experiment 3.9 and ~ 1 cm segments were split into two half then inoculated on various
treatments and observation was taken as given in sub-experiment 1.7.

Sub-experiment 1.11 Effect of auxin with organic additives on callogenesis response of
epicotyl segments obtained from in vitro raised seedlings in Kinnow
mandarin

Epicotyl segments were prepared as like sub-experiment 1.10. Splited epicotyl segments
were inoculated on various treatments and observations were recorded as mentioned in sub-

experiments 1.8.
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c. Optimization of reproductive tissue (Juicy vesicle) for indirect organogenesis

Sub-experiment 1.12 Effect of auxin on callogenesis response of juicy vesicle explant in
Kinnow mandarin

Fruits of 90-110 days after peak flowering were collected from the mother plant in an ice

box. Collected fruits were surface sterilized as like sub-experiment 1.9 and cut open under LAF

chamber with the help of forceps and scalpel then juicy vesicles with segment was collected on

sterile blotting paper. The small piece of juicy vesicles (~ 0.25 - 0.5 cm?) were separated from

the segments and inoculated on respective treatments and observations were recorded as

mentioned in the sub-experiment 1.7.

Sub-experiment 1.13 Effect of auxin with organic supplements on callogenesis response of
juicy vesicle explants in Kinnow mandarin
Juicy vesicle explants were prepared and inoculated as like sub-experiment 1.12 on

various treatments, while the observations were recorded as mentioned in sub-experiment 1.8.

Sub-experiment 1.14 Effect of fruit maturity stages, basal medium, auxin with organic
additives on callogenesis response of juicy vesicles in Kinnow
mandarin

To extend the period of explant availability and to get high regeneration ability the fruits
of different maturity stages its juicy vesicles were collected and tested for callus induction and
proliferation (Table 3.10). Freshly harvested fruits were collected in an ice box and transported
to laboratory and surface sterilized as mentioned in the sub-experiment 1.9 and inoculated after
explant preparation as mentioned in sub-experiment 1.12. The observation on % callus induction

and % callus proliferation were recorded as given in sub-experiment 1.7.

Experimental design

Design FCRD

Replication 3

Factor 1 Maturity stages (3 levels as listed in Table 3.10)
Factor 2 Basal media ( 3 levels as listed in Table 3.10)
Factor 3 PBR treatments ( 4 levels as listed in Table 3.10)
No. of units 25
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Table 3.10 Fruit maturity stages, basal medium and auxin with organic additives tested for

callogenesis response of juicy vesicle explant in Kinnow mandarin

Factor 1: Fruit maturity stages

Collection period Explant code
Immature fruits (August to mid October >150 -230 days) S;
Mature fruits before colour break (mid October to November 230-275 days) S
Fruits after colour break (Dec > 275 days) S3
Levels of factor 2: Basal media
Medium Medium code
MS M;
MT M,
DKW M3
Levels of factor 3: PBR treatments
PBR Organic additive Treatment code
2,4-D(ImgL™h Coconut water 10 % (v/v) Ji
24-D(2mgL") Coconut water 10 % (v/v) Ja
NAA (1 mg L™ Coconut water 10 % (v/v) J3
NAA (2 mg L™ Coconut water 10 % (v/v) Jy

d. Indirect shoot organogenesis
Sub-experiment 1.15 Shoot organogenesis ability of epicotyl segment and juicy vesicle
derived callus in Kinnow mandarin

The newly proliferated calli obtained from epicotyl segments and juicy vesicles (Sub-
experiment 1.11-1.14) were transferred on different treatment combinations to test the efficiency
of shoot organogenesis in Kinnow mandarin. The factors tested are listed below in Table 3.11.
The responsive treatments were further subjected to various treatments such as desiccation/heat
shock, altered photoperiod, suspension culture and nurse culture.

Experimental design

Design FCRD

Replication 3

Factor 1 Basal media (as listed in Table 3.11)

Factor 2 PBR treatments (as listed in Table 3.11)

Factor 3 PBR treatments with organic additives (as listed in Table 3.11)
No. of units 25
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Table 3.11 Factors tested for shoot induction of epicotyl segment and juicy vesicle derived

callus in Kinnow mandarin

Factor 1: Growing media

Medium Medium code
MS M;
MT M,
DKW M3
Bs M4
Factor 2: PBR

PBR Concentration

Thidiazuran (0.5mg L™
Zeatin (0.5mg L™
BAP (05—-5.0mg L%
Kinetin (0.5-2.0mg LY
GA; (0.5-2.0mg LY
ABA (02—-20mgL%
NAA (0.2-10.0mg L™

Factor 3: Organic additives tested along with factor2

Organic additive

Concentrations

Coconut water

(5.0 - 10.0 % (V/v))

Malt extract

(80 - 500 mg L™

Casein hydrolysate (150 — 1500 mg L™)

Activated charcoal (100 — 200 mg L)

Polyamine (Spermidine) (100 — 1500 mg L™)

Amino acid (Arginine, Asparagine, Proline) (20— 500 mg L™

Sugar (with/without, galactose & Sucrose) (25-50 mg L™)

Coconut water (5.0- 10.0% (viv))

Observations recorded:
1.  Embryogenic nodular conversion (%)

Mean number of calli clumps turn into nodular embryogenic calli
= X 100
Total number of subcultured calli

2. Days to embryogenic conversion
Number of days taken for greening and nodular formation was counted

expressed in days.

45

and



3.4 Experiment No. 2 Assessment of somatic embryogenesis ability of explants representing
different maturity stages in Kinnow mandarin.

Preliminary investigation of different explants like petals, filaments, style/stigma, ovary,
ovule, nucellus, seed, integument and cotyledon at different maturity showed possibility of using
immature seed (ovule) and mature seed as potential explants for somatic embryogenesis in
Kinnow mandarin. Hence systematic investigation was made to standardize single cell
originated, true-to-the-type rapid somatic embryogenesis system in Kinnow mandarin.

a. Optimization of ovule explant for somatic embryogenesis in Kinnow mandarin

Plant material and media preparation was done using the standard protocols as listed in
section 3.1 and 3.2. During the first year of experimentation (2019), the fruit size and the
corresponding developmental events in the ovule were examined for explant excision. The aim
was to identify the ideal ontogenic stage of developing fruits to get an appropriate ovule explant
for high frequency embryogenesis from nucellus tissue. The experiment was repeated in the 2020
season for conformity and standardization of somatic embryogenesis protocol was taken up.
Sub-experiment 2.1 Standardization of optimum fruit size for ovule explant collection in

Kinnow mandarin

Experimental design

Design CRD

Replication 3

Treatments 7 fruit growth stages (as mentioned in table 3.12)
No. of units 25

Immature cross-pollinated fruits of Kinnow mandarin were collected between 30-150
days having varying fruit diameters between 5-45 mm. Uniform sized fruits were collected at
staggered intervals from different canopy directions and shifted to the laboratory in an ice box.
Fruits from each collective interval were sorted for uniformity following measurement with
Vernier calipers (Mitutoyo digital caliper, China). The fruits were then rinsed in running tap
water and kept on a blotting paper to remove excess surface moisture. Surface sterilized fruits
were cut into two halves and well developed bold ovules were collected carefully. The ovules
were then dissected under a Zeiss SteREO Discovery V8 stereo zoom digital microscope to
observe and measure developmental events as outlined by Bitters et al. (1972). The same

procedure was repeated till the fruits attained 45 mm diameter and were grouped into seven
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stages based on ovule internal developmental events with corresponding fruit size. Finally,
optimum fruit size was determined based on the ovule length, embryo coverage and the presence
of liquid endosperm surrounded by prominent nucellus.

Table 3.12 Classification of fruit growth stages according to the ovule developmental events

in Kinnow mandarin

Fruit growth stages

Stage Ovule developmental events (Stereomicroscope observation )

I Visible ovule + without liquid endosperm

I Ovule with liquid endosperm + invisible embryo

I Ovule with liquid endosperm + visible embryo

vV Semi solid endosperm + cotyledonary embryo

\/ Cotyledonary embryo extended up to ¥z embryo sac

VI Cotyledonary embryo extended up to % embryo sac
VIl Cotyledonary embryo extended up to maximum part of embryo sac

Observations recorded:

1.  Fruitsize
Diameter of fruits were measured using Vernier caliper during each collective
intervals and expressed in mm.

2. Days after peak anthesis
Period of availability of the desired range of fruit sizes after peak flowering was
counted and expressed in days.

3. Ovule length
Mean ovule length was measured using stereomicroscope and expressed in mm

4. Presence of liquid endosperm
The ovules were cut into two halves and visually scored for presence of liquid
endosperm.

5. Embryo coverage within embryo sac
Pale green cotyledonary embryo growth expansions of various ovule sizes were
measured using stereomicroscope and categorized into %2, % and maximum

coverage of embryo sac.
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Sub-experiment 2.2 Histological optimization of ovule size for true-to-the-type somatic
embryogenesis in Kinnow mandarin

As advocated by Bitters et al. (1972), the fruit maturity stage Il and 111 standardized from
sub-experiment 2.1 were found optimum for somatic embryogenesis. However, to ensure
complete removal of multi-cellular apomictic embryos and the stage of complete migration of
nucellar embryos towards micropylar, it was felt to standardize via histology. Accordingly,
ovules of stage Il and 111 were fixed overnight in FAA [5:5:90 (Formalin (37-40%), glacial acetic
acid and ethyl alcohol (50% v/v))] (Yeung and Saxena, 2005). The fixed tissue samples were
dehydrated in ethanol series varying from 40-100% and were then cleared in ethanol: xylene
(3:1, 1:1 and 1:3) for 30 min each and left overnight. Dehydration with 100% ethanol and tissue
clearing in the ratio of 1:3 was repeated thrice and twice respectively. After impregnation, i.e., by
a gradual increase of wax concentration in samples and its subsequent transfer in absolute molten
wax (4 times), samples were embedded in paraffin wax. Following embedding, 12 um sections
were prepared using hand operated rotatory microtome (MAC) and stained with safranin and fast
green for 2 min between each ethanol series following the procedure suggested by Moreno-Sanz
et al. (2020) with minor modifications. 15 ovule samples (5 ovule/replicate) sections per fruit
maturity stage were observed under Zeiss Axio Imager M2m and photographed using a 5-
megapixel high resolution camera (Axio Vision).
Observations recorded:

1. Migration of nucellar embryo
The position of nucellar embryo within nucellus and embryo sac were observed.
2. Nucellus integrity
Nucellus tissue thickness was visually observed.

Sub-experiment 2.3 Standardization of somatic embryo induction cum maturation medium
for in ovulo nucellus explant in Kinnow mandarin
a. Explant preparation
Stage 11 fruits were surface sterilized as per standardised surface sterilization protocol.
Following the surface sterilization procedures as given in sub-experiment 1.9, fruits were cut
open with sterile forceps and scalpel. The ovules were then collected in a sterile Petri dish

exercising all care to avoid damage incurred to the ovules. Based on stereomicroscopic
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observations, micropylar end containing zygotic and nucellar embryos were removed using a
sterile razor blade with a fine cut. To avoid desiccation the prepared in ovulo nucellus explants
were immediately inoculated by placing the chalazal end on the induction cum maturation (ICM)
medium.

b. Somatic embryo induction and maturation

Experimental design

Design FCRD

Replication 3

Factor 1 Basal medium (3 levels as mentioned in table 3.13)

Factor 2 ICM medium compositions (6 levels as mentioned in table 3.13)

No. of units 25
For induction and maturation of somatic embryos from Kinnow in-ovulo nucellus
explant, the factors listed below were tested (Table 3.13). The subculturing was done once in two
month on the same medium and the proliferation and maturation response were observed.
Somatic embryos were induced under dark in culture room at 25 + 2 °C temperature and 70-80%
RH.
Table 3.13 Factors tested for somatic embryo induction from in ovulo nucellus explant in

Kinnow mandarin

Factor 1: Basal media

Medium Medium code
MT M,
DKW M,
B5 M
factor 2: ICM medium compositions
PBR Organic additives Treatment code
Control - EM;
- ME 500 mg L™ EM,
Kinetin 5.0 mg L™ ME 500 mg L™ EM;
Kinetin 5.0 mg L™ ME 1000 mg L™ EM,
2,4-D 1.0mg L™ Coconut Water 10 % (v/v) EMs
2,4-D 20mg L™ Coconut Water 10 % (v/v) EMs
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Plate 3.2 Modified in ovulo nucellus explant preparation from >4 mm ovules of stage 111 fruits in Kinnow mandarin.
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Observations recorded:
1. Somatic embryogenesis frequency (%)

Mean number of in ovulo nucellus explants responding to
somatic embryogenesis
= X 100
Total number of explants inoculated on ICM medium

2. Days to somatic embryogenesis (days)

Mean number of days taken for induction of somatic embryogenesis (greening at
the micropylar cut end) was calculated and expressed in days.

3. Somatic embryogenesis capacity
Mean number of cotyledonary embryos produced per in ovulo nucellus explant,
four month after inoculation (during second subculture) was calculated and

expressed in percentage.

Sub-experiment 2.4 Standardization of germination cum conversion medium for in ovulo
nucellus derived somatic embryos in Kinnow mandarin

Experimental design

Design FCRD

Replication 3

Factor 1 Selective ICM medium somatic embryos (3 levels as mentioned in table3.14)
Factor 2 GCC medium treatments (6 levels as mentioned in table 3.14)

No. of units 25
The cotyledonary somatic embryos (>4 mm) of selective ICM medium treatments were

transferred to GCC medium treatments to test the ability of germination and bipolar conversion.
Based on preliminary trials responsive treatments have been chosen for factor 2 as mentioned in
table 14 and cultures were maintained under aseptic conditions at 25 + 2°C temperature, 70-80%
RH in dark.
Observations recorded:

1. Per cent germination (%)

Mean number of cotyledonary somatic embryos showing
plumule and radicle initiation
= X 100
Total number of cotyledonary embryos transferred on GCC
medium
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2. Days to somatic embryo germination (days)
Mean number of days taken for plumule and radicle initiation was calculated and
expressed in days.

3. Per cent bipolar conversion (%)
Mean number of somatic embryos showing both root and shoot were counted and

expressed in percentage

Table 3.14 Factors tested for in ovulo nucellus derived somatic embryo germination in

Kinnow mandarin

Factor 1: Somatic Embryos from selective ICM medium

Selective ICM treatment interactions Somatic embryo code
MT x EMy SE;
DKW x EM, SE;
B5x EM, SE3
Factor 2: GCC medium compositions
Medium PBR Organic additives | Treatment code
MT - - GM;
MT - ME 500 mg L™ GM,
GA3;20mgL" +NAAO5Smg L™
MT + spermidige 100 mg L* ’ CW10% (v/v) CMs
DKW GA;20mg L™ + NAA DS MY L™ | 1000 GM,

+ spermidine 100 mg L™

DKW kinetin 5.0 mg L™ ME 1000 mg L™ GMs

BAP 20mgL"+NAAO02mgL™ | AC200mg L™+

BS +GA;05mgL*+ABA0.2mg L | CW 10% (v/v).

GMs

Sub-experiment 2.5 Standardization of establishment medium for germinated seedling
obtained from somatic embryos of in ovulo nucellus explant in

Kinnow mandarin

Experimental design

Design FCRD

Replication 3

Factor 1 Bipolar seedlings obtained from selective GCC medium (9 levels as
mentioned in table 3.15)

Factor 2 Establishment medium treatments (2 levels as mentioned in table 3.15)

No. of units 1
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The germinated bipolar seedlings measuring >4 cm were transferred from highly
responsive GCC media interactions to PBR free solid and liqguid MT medium under light
[(photoperiod of 16/8 light/dark cycle (26.81 umol m™ s™)] as listed in table 3.15. To create a
bridge Whatman® filter paper no.1 was folded and punched in such a way that it could support

the plantlets on a liquid medium.

Table 3.15 Factors tested for standardization of establishment medium for germinated
seedlings obtained from somatic embryos of in ovulo nucellus explants in

Kinnow mandarin

Factor 1: Bipolar seedlings obtained from selective GCC medium

Selective GCC medium treatment interactions | Bipolar seedling code
SE; x GM; GCC-1
SE; x GM3 GCC-2
SE; x GMy GCC-3
SE; x GM; GCC-4
SE; x GM3 GCC-5
SE; x GM, GCC-6
SE; x GM; GCC-7
SE3 x GM3 GCC-8
SE; x GM, GCC-9
Factor 2: Establishment medium
Medium type Treatment code
PBR free liquid basal MT medium Liquid
PBR free solid basal MT medium Solid

Observations recorded:
1. Plantlet establishment frequency (%)

Mean number of seedlings established into emblings
= X 100
Total number of bipolar seedlings transferred to
establishment medium
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Sub-experiment 2.6 Standardization of hardening medium for acclimatization of in ovulo

nucellus derived emblings in Kinnow mandarin

Experimental design

Design FCRD
Replication 3

Factor 1 in table 3.16)
Factor 2

No. of units 10

Emblings of selective establishment medium (2 levels as mentioned

Hardening medium treatments (3 levels as mentioned in table 3.16)

For primary hardening, established 4-5 leaf stage emblings of GCCg from both solid and

liquid media were removed and washed thrice with sterile double-distilled water followed by its

immersion in 0.1% Bavistin solution for five min and then transferred to different potting media

in 250 ml culture bottles as listed in table 3.16. During acclimatization, a half-strength liquid

medium without sucrose was sprayed on the emblings. When shoot growth reached the bottle

top, the culture bottle caps were loosened gradually to expose the emblings to an ambient

environment then transferred into plastic pots.

Table 3.16 Factors tested for standardization of hardening medium for emblings of in ovulo

nucellus explants in Kinnow mandarin

Factor 1: Emblings of selective establishment medium

Establishment medium interactions

Emblings code

GCC-9 x PBR free liquid basal MT medium

Liquid

GCC-9 x PBR free solid basal MT medium

Solid

Factor 2: Hardening medium treatments

Medium

Treatment code

Cocopeat: vermiculite: perlite (2:1:1) P1
Cocopeat: vermiculite (2:1) P2
Cocopeat: perlite (2:1) Ps

Observations recorded:

1. Survival percentage

Mean number of emblings survived during acclimatization (60" day)

X100

Total number of emblings transferred to potting medium

2. Days to new leaf emergence (days)

Mean no. of days taken for new leaves to emerge was counted and expressed in

days.
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3. Shoot length (cm)
Mean shoot length was recorded on 60™ day after hardening from collar region
and expressed in cm.

4. Root length (cm)
Mean root length was recorded on 60™ day after hardening from collar region and
mentioned in cm.

b. Optimization of suspension culture technique for somatic embryogenesis from
integument derived embryogenic calli in Kinnow mandarin

Embryogenic calli were initiated from outer integuments (seeds) of 8-month-old fully
mature unripe fruits, i.e. before the colour break stage as mentioned in the sub-experiment 1.6.
The initiated embryogenic calli were subcultured periodically (once in two months) for
proliferation/multiplication and habituated on the solid basal MS medium without PBR for ~ 6
months to obtain growth regulator autotrophic embryogenic stabilized calli for year round
experimentation. The habituated embryogenic calli were subjected to following sub-experiments

for assessing its somatic embryogenesis ability.

Sub-experiment 2.7 Standardization of somatic embryogenesis induction medium for

integument derived embryogenic calli in Kinnow mandarin

Experimental design

Design CRD

Replication 3

Treatments 15 (as given in table 3.17)
No. of units 25

The habituated embryogenic calli weighing 100 mg were weighed and subjected to
treatment combinations as listed in table 3.17 to test its somatic embryogenesis ability.
Suspension cultures were initiated from 100 mg of habituated embryogenic calli suspended in
conical flasks (150 ml capacity, Borosil®, Mumbai, India) containing 20 ml of liquid medium
and incubated in an orbital shaker at 25T and 150 rpm (Orbitek, Scigenics biotech, Chennai,
India). The suspensions were subcultured by replenishing it with fresh media at 15 days intervals

by removing old media of 15 ml using a sterile pipette until the harvesting of the cells.
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Table 3.17 Suspension treatments tested for somatic embryo induction from integument

derived habituated embryogenic calli in Kinnow mandarin

Suspension culture medium

Basal medium with PBR treatments Treatment code
MS SSM;
MS + ME 500 mg L™ SSM,
MS + Kinetin 1.0 mg L™ + BAP0.5mg L™" + GA; 0.5 mg L™ SSM;
MT SSM,
MT + ME 500 mg L™ SSMs
MT + Kinetin 1.0 mgL" + BAP 0.5mgL™" + GA3;0.5mg L™ SSMs
DKW SSM;
DKW + ME 500 mg L™ SSMg
DKW + Kinetin1.0mg L™ + BAP0.5mgL™" + GA3;05mg L™ SSMg
MS + Kinetin 5.0 mg L* + ME 1000 mg L™ SSMyq
MT + Kinetin 5.0 mg L + ME 1000 mg L™ SSMy;
DKW + Kinetin 5.0 mg L™ + ME 1000 mg L™ SSM;,
MT +GA320mg L™ + NAAO5 mgL™+CW 10% (v/v)+ SSM
Spermidine 100.0 mg L™ 13
MT + CW 10% (v/v) + ABA2.0mg L™ SSMyy
MT + CW 10% (v/v) + NAAO.5mg L™ SSM;s
Observations recorded:
1. Somatic embryogenesis (%)
Mean number of culture vessels with somatic embryo
= X 100

Total number of culture vessels
2. Days to somatic embryogenesis (days)

Mean number of days taken for occurrence of somatic embryogenesis was
counted and expressed in days.

Sub-experiment 2.8 Standardization of somatic embryo maturation medium for

integument derived embryogenic calli in Kinnow mandarin

Experimental design

Design CRD

Replication 3

Treatments 11 (as mentioned in table 3.18)
No. of units 25

Somatic embryos obtained from suspension based basal MS medium were transferred on
semi-solid maturation medium as given in table 3.18 to test the efficiency of somatic embryo

maturation.
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Table 3.18 Treatments tested for maturation of somatic embryo obtained from suspension

culture in Kinnow mandarin

Semisolid maturation medium

Basal medium with PBR treatments Treatment code

MS SEM;
MS + ME 500 mg L™ SEM,
MS + Kinetin 1.0 mg L™ + BAP0.5mg L™" + GA; 0.5 mg L™ SEM3
MT SEM,
MT + ME 500 mg L™ SEMs
MT + Kinetin 1.0 mgL" + BAP 0.5mgL™" + GA3;0.5mg L™ SEM;
MT + Kinetin 5.0 mg L™ + ME 1000 mg L™ SEM;
DKW + Kinetin 5.0 mg L™ + ME 1000 mg L™ SEMs
MT +GA320mg L™ + NAAO5 mgL™'+CW 10% (v/v)+ SEM

Spermidine 100.0 mg L™ ’
MT + CW 10% (v/v) + ABA2.0mg L™ SEMyo
MT + CW 10% (v/v) + NAAO.5mg L™ SEMy;

Observations recorded:

1. Somatic embryo maturation (%)
Mean number of somatic embryo attained cotyledonary embryo stage
= X 100
Total number of embryos transferred on maturation medium
2. Days to maturation (days)
Mean number of days taken for somatic embryo maturation was counted and

expressed in days.

Sub-experiment 2.9 Standardization of germination medium for somatic embryos obtained

from integument derived embryogenic calli in Kinnow mandarin

Experimental design

Design CRD

Replication 3

Treatments 9 (as mentioned in table 3.19)
No. of units 25

Uniform sized cotyledonary somatic embryos (>4 mm) obtained from maturation

medium were transferred on germination medium as listed in table 3.19.
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Table 3.19 Treatments tested for germination of somatic embryos obtained from suspension

culture in Kinnow mandarin

Germination medium

Basal medium with PBR treatments Treatment code

MS SGM;
MS + ME 500 mg L™ SGM;
MT SGM;
MT + ME 500 mg L™ SGM,
MT + Kinetin 5.0 mg L™ + ME 1000 mg L™ SGM;s
DKW + Kinetin 5.0 mg L™ + ME 1000 mg L™ SGMs
MT + GA3; 2.0 mg L™ + NAAO5 mg L™+ CW 10% (v/v) + SGM

Spermidine 100.0 mg L™ !
MT + CW 10% (v/v) + ABA2.0mg L™ SGMg
MT + CW 10% (v/iv) + NAAO.5mg L™ SGMy

Observations recorded:

1. Germination (%)

Mean number of cotyledonary somatic embryo showing plumule and
radicle initiation
= X 100
Total number of embryos transferred on germination medium

2. Days to germination

Mean number of days taken for somatic embryo germination was counted and

expressed in days.

The best treatments of sub-experiment 2.4 and 2.5 were used for establishment and
acclimatization of suspension derived emblings.

3.5. Experiment No. 3 Histological validation of single cell origin of DSE and ISE system
derived regenerants in Kinnow mandarin.

Sub-experiment 3.1: Histological validation of single cell origin of somatic embryos
obtained from in ovulo nucellus explant in DSE system of Kinnow
mandarin

In ovulo nucellus explants at 45 and 60 days (showing greening at the micropylar end)
post in vitro inoculation in ICM medium (DKW x EM,) were fixed in FAA and further
processed as mentioned in the sub-experiment 2.2 for histological studies. The sections were
observed under Zeiss Axio Imager M2m and photographed using a 5-megapixel high resolution

camera (Axio Vision).
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Sub-experiment 3.2: Histological validation of single cell origin of somatic embryos
obtained from suspension culture in ISE system of Kinnow mandarin
The cells were sampled every alternate day from the best treatment of suspension culture
mediated somatic embryo induction medium to observe the occurrence of high frequency single
cell. Similarly, after greening the developmental stages were fixed in FAA and further processed
following the similar protocol of sub-experiment 2.2.
3.6. Experiment No.4 Genetic fidelity testing of DSE and ISE system derived regenerants in
Kinnow mandarin.
Sub-experiment 4.1 Development of fidelity testing protocol in mandarin cultivars
DNeasy® Plant Mini Kit was used for genomic DNA isolation from leaves of five edible
mandarins (Table 3.20) grown in germplasm bank of Division of Fruits and Horticulture
Technology, ICAR-IARI, New Delhi.
Steps in genomic DNA isolation:

e Disruption of samples (< 100 mg) using a mortar and pestile.

e Addition of 400 ul Buffer AP1 and RNase A. Vortexed and incubated for 10 min at 65C.
Tubes were inverted 2-3 times during incubation. Addition of 130 pl Buffer P3, mixed
and incubated for 5 min on ice followed by centrifugation of lysate at 14,000 rpm for 5
min.

e The lysate was pipeted into a QlAshredder spin column placed in a 2 ml collection tube
and centrifuged for 2 min at 14,000 rpm.

e Transferred the flow-through into a new tube without disturbing the pellet, followed by
addition of 1.5 volumes of Buffer AW1 and mixed by pipetting.

e Transferred 650 ul of the mixture into a DNeasy Mini spin column placed in a 2 ml
collection tube. Centrifuged for 1 min at >8000 rpm. Discarded the flow-through.
Repeated this step with the remaining sample.

e Placed the spin column into a new 2 ml collection tube and added with 500 pl of Buffer
AW?2. Centrifuged for 2 min at 14,000 rpm.

e Removed the spin column from the collection tube carefully then transferred to a new 2
ml microcentrifuge tube.

e Finally eluted with 100 pl Buffer AE then incubated for 5 min at room temperature (15 -
30°C), centrifuged for 1 min at >8000 rpm.
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PCR protocol

Qualitative and quantitative analysis of isolated DNA was carried out using gel
electrophoresis. As outlined by Pal et al. (2013), ten ISSR primers (Table 3.21) were chosen and
PCR protocol was optimized. PCR reaction mixture of 25 pl consisting of 10 X buffer (2.5 pl),
10 mM dNTPs (2.0 pl), 5 U p* Tag DNA polymerase (0.3 pl), 1 U primer (1.0 pl), (30 ng/pl)
DNA of 1.5 ul and deionized water (17.7 ul) was prepared. PCR reactions of 35 cycles with an
initial denaturation at 95 °C (5 min), annealing at 50 °C (30 sec), primer extension at 72 °C
(2 min) and final extension at 72 °C (10 min) were carried out using a thermal cycler (Eppendorf
Master Cycler, Hamburg, Germany). Electrophoresis was done in 2.0% agarose gel stained with
EtBr (ethidium bromide) using 1X TAE buffer (pH 8.0) at 120V for 3 h to resolve PCR
amplification products. For visualization, scanning and photography of gel, gel documentation
(Bio-Rad Gel Doc XR™) system was used. Reproducible bands were scored irrespective of their
intensities and those with the same migration were considered monomorphic. The experiment
was repeated thrice for reproducibility.
Table 3.20 Cultivars used for development of protocol on genetic fidelity testing in

mandarin

S. No. Mandarin cultivars

Kinnow

Murcott

Dancy

Nagpur

SHEIR N

Cleopatra

Table 3.21 Identification of polymorphic ISSR markers for mandarin cultivars

S. No. Primers Sequence information
1. UBC-807 AGAGAGAGAGAGAGAGT
2. UBC-808 AGAGAGAGAGAGAGAGG
3. UBC-811 GAGAGAGAGAGAGAGAC
4, UBC-812 GAGAGAGAGAGAGAGAA
5. UBC-815 ACACACACACACACACT
6. UBC-827 ACACACACACACACACG
7. UBC-841 GAGAGAGAGAGAGAGAYC
8. UBC-855 TGTGTGTGTGTGTGTGRT
9. UBC-858 ACACACACACACACACYT
10. UBC-864 ATGATGATGATGATGATG
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Sub-experiment 4.2 Genetic fidelity testing of DSE and ISE system derived regenerants
DNeasy® Plant Mini Kit was used for genomic DNA isolation from leaf samples of
randomly selected five in vitro primary hardened Kinnow regenerants from both DSE and ISE
system along with in vivo grown mother plant by following genomic DNA isolation step of sub-
experiment 4.1. Qualitative and quantitative analysis of isolated DNA was carried out using gel
electrophoresis. Eight polymorphic ISSR primers as listed in table 3.22 were used for genetic
fidelity testing. Reproducible bands were scored irrespective of their intensities and those with
the same migration were considered monomorphic. The experiment was repeated thrice for
reproducibility.
Table 3.22 Genetic fidelity testing of DSE and ISE system derived regenerants using ISSR

markers in Kinnow mandarin

Sl. No. Primer Sequence information

1. UBC-807 AGAGAGAGAGAGAGAGT
2. UBC-808 AGAGAGAGAGAGAGAGG
3. UBC-812 GAGAGAGAGAGAGAGAA
4. UBC-815 ACACACACACACACACT

5. UBC-827 ACACACACACACACACG

6. UBC-841 GAGAGAGAGAGAGAGAYC
7. UBC-855 TGTGTGTGTGTGTGTGRT

8. UBC-864 ATGATGATGATGATGATG
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3.7 Experiment No. 5 Determination of LDsy for DSE and ISE system explants exposed to

gamma irradiation and EMS treatment in Kinnow mandarin

To determine LDsy the optimized explants of DSE and ISE system were subjected to
following sub-experiments.
Sub-experiment 5.1 Determination of LDsy for DSE system in ovulo nucellus explant

exposed to gamma irradiation in Kinnow mandarin

Explant preparation for irradiation

Ovules were freshly extracted from 21-22 mm sized fruits. The collected ovule samples
were taken in a sterile Petri dish under an aseptic condition inside the laminar airflow (LAF)
hood. Before irradiation, in ovulo nucellus explants were prepared and inoculated on a
standardized somatic embryo induction medium to initiate cell division. The explant preparation
was done by discarding pre-existing embryos from ovules using sterile razor blades by giving a
fine cut at the micropylar end as followed in sub-experiment 2.2. After that, the in-ovulo nucellus
explants (25 ovules/replication/irradiation dose) were inoculated on somatic embryo induction
medium ICM-2 (DKW + Kinetin 5.0 mg L™ + ME 1000 mg L™) and tightly sealed with
Parafilm® to avert air passage and external contaminants. Petri dishes were incubated in a culture
room for a week in the dark at 25 + 2° C temperature, 75-80% relative humidity and transported
in an ice box to a gamma chamber on the day of irradiation.
Gamma irradiation treatment

The Petri dishes containing in ovulo nucellus explants were irradiated at the Nuclear
Research Laboratory, Division of Environment Science, ICAR-IARI, New Delhi in a gamma
chamber (GC-5000) having a source of ®°Co. To determine 50% lethal dose treatments listed in
Table 3.23 was tried. The chamber temperature at the time of irradiation was 25 + 2°C. Samples
were irradiated with a dose rate of 0.674 kGy h™.
Post-irradiation handling of in ovulo nucellus explants

Immediately after irradiation, in ovulo nucellus explants were subcultured on fresh
induction cum maturation medium (DKW + Kinetin 5.0 mg L™* + ME 1000 mg L™). For each
dose, three replications were maintained (25 explants/replication). The cultures were incubated

in the dark in a culture room with the same 25 + 2 C temperature and 75-80% relative humidity.
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Table 3.23 Gamma irradiation doses used for determination of LDsy for DSE and ISE

system in Kinnow mandarin

Gamma dose (Gy) Treatment code
Control (no irradiation) Go
20 Gy
40 G,
60 Gs
80 G4
100 Gs
120 Gs
140 Gy
160 Gg

Determination of LDsg

The lethal dose (LDsp) was determined based on the explant survival percentage. It was
calculated for each irradiation dose by counting the number of in ovulo nucellus explants
survived out of the total inoculated explants and multiplied by 100. The lethality was observed
60 days after irradiation i.e., at the time of second subculture.

Number of explant alive
DSE - Survival % = X100
Number of irradiated explants cultured

Sub-experiment 5.2 Determination of LDs for ISE system suspension derived embryogenic
calli explant exposed to gamma irradiation in Kinnow mandarin

Explant preparation for irradiation

Actively dividing suspension cells were observed continuously from the best treatment of
sub-experiment 2.7 for the presence of maximum single cells with dense cytoplasm under the
microscope. Its presence was maximum after seven days of the second subculture and cells were
ready for irradiation at this stage. Before harvest, the cell suspensions were pooled and passed
through 600-micron sterile metal filters. The sieved cells were harvested from suspensions using
a vacuum filtration unit with sterile Whatman® filter paper 1 (completely removing liquid
suspension medium). Filtered cells of exactly 100 mg were weighed and transferred into 1.5 ml
eppendorf tubes (9 eppendorf tubes/ irradiation dose) for determining LDsp and regeneration. The
tubes were placed inside the respective sterile glass containers, and then the capped glass jar
mouth was covered with Parafilm® to make it airtight. The entire sample collection activity was
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carried out inside the LAF chamber. The glass jars were labeled, placed in an ice box and taken
to a gamma chamber. The harvested cells were subjected to gamma irradiation by following

similar treatments as mentioned in Table 3.23.

Post-irradiation culture handling

Irradiated eppendorf tubes were grouped into three sets (S-I, S-1l1 and S-I11) with three
tubes per set for each irradiation dose. To determine lethality (LDsp), the first two sets, i.e. S-I
and S-I1, were used. The first set (S-1), consisting of 3 tubes, was subjected to suspension culture.
The irradiated suspension cell clumps from each eppendorf tube (100 mg) were immediately
transferred to a 150 ml conical flask containing 20 ml of sterile liquid basal MS media. For each
dose, three flasks per replication were made and incubated as prescribed earlier for 14 days.
Meanwhile, the second set (S-Il1 with three tubes of each dose) was used for the plating
experiment by re-suspending 100 mg irradiated cell clumps from each dose into 1 ml liquid basal
medium. The entire content was placed on a solid basal medium using a pipette after proper
mixing. The flasks were cotton plugged and rotated gently to spread the cells all over the surface
inside the LAF and then incubated in the dark in a culture room at 25 £ 2 C temperature and 75-
80% relative humidity until culture establishment for ~ 45 days.

The third set (S-111) was used to study the irradiation effect on regeneration. In addition to
the S-I preparation and incubation method, the suspension cultures were maintained in an orbital
shaker at 120 rpm, as mentioned earlier, with periodic (15 days) replenishing two times. The
suspensions from each flask were then divided and transferred in equal quantities into new flasks
with wide-open pipette tips. This way, 25 flasks per replication were prepared from each
irradiation dose and maintained by replenishing with new media once in 15 days based on cell

density. These steps were repeated until somatic embryogenesis was witnessed in each treatment.

Determination of LDsg

Irradiated suspension cell clumps survival was determined by the fluorescein diacetate
test (FDA) using S-I set and the plating experiment using the S-11 set. The non-destructive FDA
test was conducted 14 days after irradiation. The modified protocol of Nadel, 1989 was used for
FDA preparation and testing. Accordingly, the FDA stock was prepared by dissolving 5 mg of
fluorescein diacetate in 1 ml acetone using a vertex shaker and stored in the freezer (below 0C).

The working solution was prepared freshly by taking 10 pl of stock and the final volume was
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made up to 7 ml using a sterile basal liquid MS medium. One ml aliquot was pipetted out from
20 ml suspension culture after homogenization by slow rotation to test irradiated calli viability.
The aliquot was sieved via 600-micron metal filters to maintain uniformity in cell clump size.
Filtered suspensions were gently mixed using the pipette, and a drop of the suspension was
placed on a microscopic slide. From the FDA working solution, another drop was added to the
same slide containing suspension before placing the cover slip. A few minutes after incubation at
room temperature, the fluorescence was visualized under a microscope (at 480 nm wavelength).
The viability was assessed by counting each slide's viable and non-viable cell clumps in all three
replicates based on the presence/absence of fluorescence (3 slide/replication and 25 random cell
clumps per slide). The plating experiment was used to confirm the FDA result. The
representative flasks of each irradiation dose were visually scored for callus colony formation,
days to culture initiation and relative growth rate of calli to determine LDsy.

ISE - Calli clumps survival % Number of clumps fluorescence
= X 100
Number of irradiated clumps observed

ISE - Relative growth rate Final fresh weight — Initial fresh weight at the time of
irradiation
= X100
Initial fresh weight at the time of irradiation

Sub-experiment 5.3 Determination of LDsy for DSE system in ovulo nucellus explant
treated with EMS in Kinnow mandarin

Explant preparation for EMS treatment

As per the standardized protocol, >4 mm ovules were freshly extracted from surface
sterilized 21-22 mm sized fruits and taken in sterile Petri dish inside the laminar air flow (LAF)
hood. To prevent dehydration, Petri dishes containing tissue paper were moistened with sterile
distilled water. The collected ovules were pooled and 25 uniform sized ovules were selected for
each EMS dose.
EMS treatment

The explants required for three different duration i.e., ~100 ovules/concentration were
added in respective conical flask containing EMS solution (EMS mixed in sterile distilled water
(pH 6.8-7.0)) under LAF then tightly cotton plugged and sealed with parafilm®. Once the flask
with each concentration as mentioned in Table 3.24 was ready, explants were immediately
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agitated at 120 rpm using orbital shaker cum incubator for uniform EMS exposure. The
experiments were replicated thrice in both DSE and ISE system. During the explant addition in
to each EMS flask the time was noted and considered as treatment start time, 5 minutes before
the end time the explants required for that particular duration alone (~30 ovules/concentration )
were taken out from the respective flask of each concentration and remaining were set as that of
before and maintained in a shaker. This was repeated for each duration, concentration and
replication in each sub-experiment. Once the treatment duration is over immediately after
removal from EMS solution explants were 5 times washed using vacuum unit by the same
solution without EMS for minimum 5-6 minutes stand time per wash with vigorous shaking.
Post handling procedures of EMS treated explants

Immediately after washing 25 in ovulo nucellus explants of each replication were
prepared from treated ovules and inoculated on somatic embryogenesis induction medium from
each EMS treatment . These replicates were incubated under dark in culture room with ~ 75-80%
relative humidity and 25 + 2 C temperature.

Table 3.24 EMS treatment doses for determining LDsy in DSE and ISE systems of Kinnow

mandarin
S. No EMS Dose (duration)
1. Eo 0.0% (5 hr)
2. E; 0.1% (1 hr)
3. E, 0.5% (1 hr)
4. Es 1.0 % (1 hr)
5. E, 0.1% (3 hr)
6. Es 0.5% (3 hr)
7. Es 1.0 % (3 hr)
8. E; 0.1% (5 hr)
9. Es 0.5% (5 hr)
10. Eg 1.0 % (5 hr)

LDso determination
At the time of first subculture i.e., sixty days after post EMS treatment, lethal dose (LDsg) was

determined by counting explant survival using the below given formula.

Number of survived explant
DSE - Survival % = X 100
Number of EMS treated explants cultured
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Sub-experiment 5.4 Determination of LDz, for ISE system suspension derived embryogenic
calli treated with EMS in Kinnow mandarin.

Explant preparation for EMS treatment

To determine LDso and regeneration ability sieved cells weighing 500 mg/dose were
prepared as detailed in the section 5.2.1 and subjected to varying EMS treatments (Table 3.23).
EMS treatment

The cell clumps were treated with varying EMS concentrations (0.1-1.0%) for 1, 3 and 5
hours (Table 3.23). To maintain osmotic balance liquid basal medium was used as a carrier in
suspension based ISE system because, calli clumps were already in liquid medium, which was
supplemented with 50 g L™ sucrose. The sieved suspension calli of ~500 mg required for three
different durations per concentration were added in respective conical flask containing EMS
solution (EMS mixed in basal MS medium for ISE system) then labeled and tightly sealed with
parafilm after cotton plugging. In ISE system the above method was followed for 3 sub
experiments i.e., LDsy determination (Set 1), regeneration (Set 1) and plating experiment (Set
[11). The remaining treatment procedures follow same steps as described in the section 5.3.2 with
the harvest of ~150 mg treated calli/concentration/duration/replication.
Post handling procedures of EMS treated explants

The cell clumps were subjected to three sub experiments immediately after EMS
treatment and thorough washing. The first set (S-1) with exactly 100 mg/treatment was subjected
to suspension culture in 150 ml conical flask containing sterile liquid basal MS media of 20 ml
for 14 days as maintained previously during cell harvest sub-experiment 5.2 for LDsg
determination. The second set (S-11) of 100 mg/EMS treatment/replication were directly plated
on Petri dish containing basal solid MS medium by re-suspending them in 1 ml liquid basal
medium and thorough mixing using pipette. The respective Petri dishes were rotated gently (after
placing entire content of 1 ml in each replication ) to spread the cell clumps over solid medium
surface, then incubated under 25 + 2C temperature and 75-80% relative humidity for ~45 days
until culture establishment.

For regeneration experiment the calli clumps of 100 mg/replication/treatment from third
set, S-111 were added in to flasks containing 20 ml liquid medium and incubated in orbital shaker

at 120 rpm until embryogenesis with periodic (15 days) new media replenishment for 2 times.
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Based on cell density, cell clumps were divided uniformly during each subculture and transferred
into new flasks, by that way finally 25 flasks /replication was maintained.
LDso determination

To determine LDs via fluorescein diacetate test (FDA) and plating experiment S-1 and S-
Il set were used respectively. The experiment followed the same steps as in section 5.2. Cell
viability was assessed based on presence/absence of florescence. For that, from the EMS treated
suspensions 1 ml was pipetted out after homogenization and sieved via 600 micron metal filters,
then a drop of filtrate and FDA working solution were placed and mixed on the microscopic slide
using pipette. The slides were incubated at room temperature by placing cover slip over the
mixture; finally the cells were visualized at UV spectrum of 480 nm wavelength. Based on
florescence the viable cell clumps were identified and counted out of total observed 25 clumps (3
slide /replication). For conformity, relative growth rate of plating experiment was calculated to
determine LDsg.

ISE - Calli clumps survival %

Number of clumps fluorescence
— X 100
Number of clumps/EMS treatment observed

ISE - Relative growth rate

Final fresh weight of EMS treated calli — Initial fresh weight of EMS treated calli
- X 100
Initial fresh weight of EMS treated calli

3.8 Experiment No. 6 Regeneration of gamma irradiated and EMS treated DSE and ISE

system explants in Kinnow mandarin.

Sub-experiment 6.1 Comparison of regeneration ability of gamma irradiated DSE and ISE
system explants in Kinnow mandarin
The mutants were regenerated through standardized protocols of direct and indirect
somatic embryogenesis in Kinnow mandarin. The detailed procedure is outlined below.
Direct somatic embryogenesis
Irradiated in-ovulo nucellus explants of each dose were subjected to somatic
embryogenesis on an induction medium containing DKW basal medium supplemented with

kinetin 5.0 mg L™ and ME 1000 mg L. Uniform-sized matured embryos were pooled from each
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dose, germinated and converted to bipolar structures on MT medium containing GA; 2.0 mg L™,
NAA 0.5 mg L%, spermidine 100 mg L™ and CW 10% (v/v) under dark. The germinated
seedlings were established as emblings on PBR free liquid medium under light using filter paper
bridge support and then hardened on potting medium containing cocopeat: vermiculite: perlite
(2:1:1). The effect of irradiation on mutant plant regeneration was recorded periodically at each
developmental stage. The experiments were replicated thrice with 25 samples per replication.
Indirect somatic embryogenesis

Irradiated embryogenic suspension cell clumps were re-subjected to the suspension
culture system in the liquid basal medium for somatic embryo formation. Due to the wider time
lag between various irradiated doses for somatic embryo initiation, fully developed embryos
from control and 100 Gy treatments with an early induction were harvested and placed on the
solid MS medium containing NAA 0.5 mg L™ and coconut water 10% (v/v) for maturation. The
matured embryos were then transferred to DKW basal medium supplemented with kinetin 5.0
mg L™ and ME 1000 mg L™ for stimulation of germination. The remaining regeneration steps,
i.e. bipolar conversion to hardening of established emblings, followed the same protocol as that
of direct somatic embryogenesis.

The data on the irradiation effect was periodically recorded, and the following
observations were made along with the number of days to embryogenesis, days to germination,
number of embryos formed, growth-related parameters viz., shoot length, root length and no. of
leaves from both system of somatic embryogenesis using the formulae given below.

Observation recorded:

1. Embryogenesis efficiency of DSE system (%0)
No. of survived explants initiated somatic embryos
= X 100
No of explants survived after irradiation

2. Embryogenesis efficiency of ISE system (%6)
No. of flask containing somatic embryos after irradiation

= X100
Total no. of flask observed
3. Germination efficiency of DSE system (%0)
No. of embryos showing primordial initiation
- X 100

No. of embryos transferred to germination medium
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4. Germination efficiency of ISE system (%)
No. of matured embryos showing primordial initiation and development
- X100
No. of matured embryos transferred to germination medium

5. Bipolar conversion efficiency (%0)
No. of embryos initiated shoot and root growth (>3 cm)
= X 100
No. of embryos germinated

6. Plantlet establishment efficiency (%)
No. of bipolar converted seedlings converted into whole emblings
- X 100
No. of bipolar germinated seedlings transferred to establishment medium

7. Acclimatization efficiency (%o)
No. of emblings survived
= X 100
No. of established emblings transferred to hardening media

Sub-experiment 6.2 Comparison of regeneration ability of EMS treated DSE and ISE
system explants in Kinnow mandarin

As outlined below the mutants were regenerated using standard protocols of DSE and
ISE systems in Kinnow mandarin.
DSE system

The regeneration ability of EMS treated in ovulo nucellus explants was assessed using
same procedure as given in sub-experiment 6.1. Observations on EMS effect were noted timely
on each step of regeneration in all three replications.
ISE system

The EMS treated suspension cell clumps subjected to somatic embryo formation in liquid
basal medium showed prolonged time lag on embryogenesis in EMS treatment dependent
manner. Hence early responded treatment viz., 0.1% 3 hour (E4) and control were transferred on
to solid maturation medium supplemented with 0.5 mg L™* NAA and CW 10% in basal MS
medium in Petri dishes. The remaining regeneration steps follow same procedure as given in
sub-experiment 6.1. The effect of EMS on embryogenesis to M; population recovery was

assessed using observations and formula as given in sub-experiment 6.1.
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3.9 Experiment No. 7 Morphological characterization of gamma irradiated and EMS
treated DSE and ISE system variants in Kinnow mandarin.
Gamma irradiation derived variants
Established mutant plants were morphologically characterized for variability induced by
gamma irradiation in both the embryogenesis systems before transfer to the hardening medium.
The phenomics platform was chosen to document morphological variation at an early stage.
Since in vitro regenerated plants are highly susceptible to transportation shock, a temporary
phenomics structure was created and optimized. Randomly selected two plants from the control
and five plants each from the selected dose of 80 Gy in DSE and 100 Gy in ISE were
photographed with the fixed position from top and side view (0" and 90). For digital data
generation, the images were analyzed using Lemna grid software (LemnaTec Scanalyzer3D high
throughput phenotyping platform, Achen, Germany). The quantitative data obtained were further
subjected to grouping using NTSYSpc V 2.2 software (Numerical Taxonomy and Multivariate
Analysis System) to discriminate the variants.

Observations to be recorded:
1. Shoot length
Shoot length was measured from collar region to shoot apical meristem
and expressed in cm

2. Root length
Root length was measured from collar region to root apical meristem and
expressed in cm

3. No. of leaves
Number of leaves per seedling was counted and calculated
4. % Chlorophyll mutants

No. of chlorophyll mutants observed
= X100
No. of plants established

EMS treatment derived variants

Phenotypic variability induced by EMS at various doses was assessed using both manual
and automated methods for careful documentation of phenotypes as gamma irradiation derived
variants. The phenomics platform was optimized to get digital morphological data through image
processing software for future references. Randomly selected regenerants of control and selective
EMS doses i.e., E4 in ISE system and E8 in DSE system were imaged and analyzed using similar
method as given in section 3.7.1.

71



3.10 Experiment No. 8 Molecular validation of gamma irradiated and EMS treated DSE
and ISE system variants in Kinnow mandarin.

DNeasy® Plant Mini Kit was used for genomic DNA isolation from leaf samples of 10
morphologically different in vitro variants (both gamma and EMS) evaluated with the phenomics
platform in each regeneration system along with the mother plant. Qualitative and quantitative
analysis of isolated DNA was carried out using gel electrophoresis and NanoDrop®. Three
different highly polymorphic molecular markers representing dominant and co-dominant nature,
i.e. ISSR, RAPD and SSR were used to validate mutation occurrence in morphologically
distinguished identified variants.

3.8.1. ISSR markers:

Eight polymorphic ISSR primers, as given in Table 3.21 were used to validate mutants
using similar protocol given in sub-experiment 4.2,

3.8.2. RAPD markers:

The mutants were validated according to Pal et al. (2013), using 11 identified OPA series
(OPA-01, OPA-03, OPA-04, OPA-08, OPA-09, OPA-10, OPA-11, OPA-13, OPA-17 and OPA-
18) of polymorphic RAPD primers. The PCR reaction mixture of 15 ul consisting of 10 X buffer
(1.5 ul), ten mM dNTPs (1.2 pl), 5 U ul’l Taq DNA polymerase (0.3 pl), 1 U primer (1.0 pl), (30
ng U pl™) DNA of 3.0 pl and nuclease-free water (8.0ul) was prepared. PCR reactions of 40
cycles with an initial denaturation at 94°C (4 min.) in stage 1, stage 2 with denaturation at 94°C
(1 min.), annealing at 37°C (1 min.), primer extension at 72°C (2 min.) and stage 3 with the final
extension at 72°C (7 min.) were carried out using a thermal cycler (Eppendorf Master Cycler,
Hamburg, Germany). Electrophoresis was done in 1.5 % agarose gel stained with EtBr (ethidium
bromide) using 1X TAE buffer (pH 8.0) at 120 V for 1.5 h to resolve PCR amplification
products. For visualization, scanning and photography of gel, gel documentation (Bio-Rad Gel
Doc XR+) was used.

3.8.3. SSR markers:

Three identified polymorphic SSR primers (CCSM-13, CCSM-40 and AMB-2) were
tested for mutants validation (Kumar, 2020). The PCR reaction mixture of 15 pl consisting of 10
X buffer (1.5 pl), ten mM dNTPs (1.2 pl), 5 U pl™ Taq DNA polymerase (0.3 pl), 1 U primer
(1.0 pl consist of both forward and reverse), (30 ng U pl™) DNA of 3.0 ul and nuclease-free
water (8.0 ul) was prepared. PCR reactions of 40 cycles with an initial denaturation at 94°C (4
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min.) in stage 1, stage 2 with denaturation at 94°C (1 min.), annealing at 56°C (1 min.), primer
extension at 72°C (1 min.) and stage 3 with a final extension at 72°C (10 min.) were carried out
using a thermal cycler (Eppendorf Master Cycler, Hamburg, Germany). Electrophoresis was
done in 4% agarose gel stained with EtBr (ethidium bromide) using 1X TAE buffer (pH 8.0) at
120 V for 1.5 h to resolve PCR amplification products. For visualization, scanning and
photography of gel, gel documentation (Bio-Rad Gel Doc XR+) was used.

The experiment was repeated thrice for reproducibility. Reproducible bands were scored
irrespective of their intensities and those with the same migration were considered
monomorphic. The NTSYSpc V 2.2 (Numerical Taxonomy and Multivariate Analysis System)
was used for cluster analysis.

Sub-experiment 8.1: Molecular validation of gamma irradiation derived variants of
Kinnow mandarin

Genomic DNA of morphologically discriminated 10 mutants along with mother plants
was isolated and quantified. Edible mandarin cultivars specific 22 identified highly polymorphic
molecular markers viz., RAPD (11), SSR (3) and ISSR (8) of dominant and co-dominant nature
were used for validation of genetic variability created by gamma using above mentioned
protocols. For conformity experiment was replicated for three times. Based on the 196 banding
pattern the scoring data was obtained and analyzed with NTSYSpc V2.2 (Numerical Taxonomy
and Multivariate Analysis System) for genetic discrimination of obtained EMS induced M;

population.

Sub-experiment 8.2: Molecular validation of EMS treatment derived variants of Kinnow
mandarin
Genomic DNA of morphologically discriminated 10 EMS mutants along with mother
plants was isolated and quantified and analyzed as described in sub-experiment 8.1.

3.11 Statistical analysis

The experiments were conducted in completely randomized design with or without
factorial design. The in vitro experiments were analyzed using one-way ANOVA in order to test
the significance of mean differences. Each experiment was replicated thrice and in each
replication different number of samples was observed as mentioned under respective subsections

above. Analysis was performed using RStudio, Version 4.2.0 (RStudio Inc, Boston, MA, USA).
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The percentage data were transmuted to arc sine before ANOVA. Duncan's multiple range test
(DMRT) was used to compare the treatment means at P <0.05significance level. The probit
analysis was done to determine the LDs, of gamma irradiation using SPSS software. The data on
mutagens effect on embryogenesis was analyzed using one-way ANOVA with two factors in a
completely randomized design. The remaining data on germination to plantlet acclimatization,
including growth parameters, were analyzed using the t-Test (Two-Sample Assuming Unequal
Variances). The phenomics digital data and molecular scoring data were cluster analyzed using
the NTSYSpc V 2.2 (Numerical Taxonomy and Multivariate Analysis System).
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4. RESULTS

High competency in vitro regeneration and in vitro mutagenesis protocols were
standardized in the present investigation on “In vitro mutagenesis and validation of mutants
using molecular markers in Kinnow mandarin”. To ensure the expected outcome of solid mutant
induction microscopic studies were undertaken. The in vitro regenerants were validated using
optimized morphological and molecular marker techniques. The salient findings of the
investigation are presented under the following heads and sub heads.

4.1 Standardization of high competency in vitro regeneration protocol

Indirect organogenesis and somatic embryogenesis are the two cellular totipotency
mediated regeneration techniques that can aid in vitro mutagenesis for solid mutant induction.
The bottleneck in citrus regeneration is the strong genetype specificity. Explant types and its
maturity stages are reported as influential factors for mode of regeneration in selected genotype.
However, the effect of medium supplementation cannot be excluded. Thus for high competency
regeneration of Kinnow mandarin, various explant types, maturity stages and required medium
supplements have been assessed and optimized in the following experiments and sub-

experiments.

Experiment 1: Assessment of indirect organogenesis ability of explants representing
different maturity stages in Kinnow mandarin

Based on literature, three types of explants i.e., internodal, epicotyl and juicy vesicle
segments representing vegetative, juvenile and reproductive stages were chosen and tested to
obtain high frequency plantlet recovery through indirect organogenesis. To nullify the seasonal
effect on explant availability, the factors associated with each explant types were optimized and
results are presented below.
a. Optimization of nodal segment for obtaining internodal segment explants

Nodal segments were collected from matured mother plants and raised in vitro on the
standardized medium. The objective of this was to obtain micro-shoots round the year.
Preliminary attempts on in vitro micro-shoot organogenesis of Kinnow using earlier published
protocols resulted in poor in vitro response such as short internodes, thin hardy shoots and severe
occurrence of premature abscission (Plate 4.1). To identify the responsible factors and probable

measures to control the premature abscission, the following sub-experiments were undertaken.
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(i) Disinfection of nodal segments

Sub-experiment 1.1: Disinfection of tender and softwood nodal segment explants in
Kinnow mandarin
Per cent survival

Removal of microbial load present in the explant is the primary step in in vitro culture
techniques. The data on per cent survival of tender and softwood nodal segments subjected to
different set of surface sterilization treatments are presented in Figure 4.1a. The mean effect of
explant maturity stages (tender and softwood) was found non-significant whereas, significant
variation was observed between sterilization treatments and interactions between explant
maturity stages and sterilization treatments.

Among the tested treatments, SS, [(0.1% Bavistin® + 0.1% Ridomil Gold®) 30 min +
(2.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec] registerd highest explant survival
(74.00%) regardless of the nodal segment maturity stages, whereas sterile distilled water wash
(control) showed poor survival.

Interaction between explant type and sterilization treatment was found statistically
significant with respect to survival per cent and was highest (82.67%) in E;xSS, interaction
followed by softwood E,xSS; treated with same set of surface sterilants (65.33%).

Per cent mortality

Certain sterilization treatments resulted in explant tissue browning, drying and
subsequent death of the treated tissue after inoculation. The data on per cent mortality of tender
and softwood nodal segments treated with different treatments of surface sterilization are
illustrated in Figure 4.1b. Significant difference was witnessed on per cent mortality among the
mean effect of explant type, sterilization treatment and their interactions. Comparatively higher
mortality was observed in E; (32.00%) as compared to E, (14.15%) irrespective of sterilization
treatments. A linear increase in mortality was witnessed with increase in the treatment duration
and concentration of HQC and NaOCI respectively. As compared to no mortality in control
(SSy), it was significantly higher in SSy3 treatment (64.67%).

Among the interactions tested, per cent mortality due to sterilization was noticed higher
in E;xSS;3 (78.67%) followed by E1xSS3, (70.67%), while the per cent mortality was nil when
HQC was avoided (Figure 4.1Db).
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Sub-experiment 1.2: Disinfection of semi hardwood and hardwood nodal segment explants
in Kinnow mandarin
Per cent survival
The data on per cent survival of semi hardwood and hardwood nodal segment explants
are presented in Figure 4.2a. Non-significant differences were found between the mean effect of
explant maturity stages (semi hardwood and hardwood nodal segments), while significant
differences were noticed on surface sterilization treatments and the interaction between explant
maturity stage and sterilization treatments.
Among the treatments, SHi3 [(0.5% Bavistin® + 0.5% Ridomil Gold® + 200 ppm HQC)
120 min + (4.0% NaOCI (v/v) for 20 min) + 70% EtOH (v/v) for 30 sec] was found superior
with respect to the survival per cent i.e., 78.67%. Whereas, the control treated explants did not
survive due to bacterial and fungal contamination.
Interaction between E4xSHj3 showed highest survival rate of 86.67% followed by
E4xSHi, (76.00%) and E3xS;3 (70.67%) interactions (Figure 4.2a).
Per cent mortality
Non-significant response was observed in the explant maturity stages. However, it
differed significantly among the treatments and interaction between the tested factors. The per
cent mortality was higher in SH;3 (17.33%). Similar mortality response of 23.33% was observed
in the E3sxSHy3 interaction than other interactions studied (Figure 4.2b).
Sub-experiment 1.3 Effect of explant maturity stages and media type on primary shoot
emergence and premature abscission response of nodal segment in
Kinnow mandarin
Days to bud break
Significant mean variations were observed on days to bud break among the explant
maturity stages, basal media types and their interactions. The data on days to bud break of
different explant maturity stages inoculated on different basal media are given in Table 4.1. The
explant maturity stage E, i.e., hardwood exhibited earlier bud break (3.72) irrespective of basal
media tested, while young tender shoots (E;) showed delayed bud break (20.49 days). Among
the basal media used, MS (M;) and MT (M) were found to be significantly superior over DKW
(M3) nevertheless of explant maturity stages, to stimulate early bud break within 11.05 days and

11.21 days respectively.
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Figure 4.1 Effect of disinfection treatments on in vitro response of tender and softwood nodal segment
maturity stages in Kinnow mandarin (a) per cent survival (b) per cent mortality.
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Figure 4.2 Effect of disinfection treatments on in vitro response of semi hardwood and hardwood nodal segment
maturity stages in Kinnow mandarin (a) per cent survival (b) per cent mortality.
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The interaction between E;xM; revealed positive results on minimum number of days
(3.62) required for sprouting and it was statistically on par with E4xM, (3.78 days) and E4xM;
(3.76 days). Bud break was delayed in E;xM3 (22.77 days) interaction (Table 4.1).
Days to shoot emergence

Significant difference was observed on days to shoot emergence. Among the explant
maturity stages, E4 had early shoot emergence (13.69 days), while it was delayed in E; (31.76
days). Among basal media tried, M, medium stimulated shoot emergence as early as 22.12 days
and did not differ with M; (22.21 days), whereas it was delayed in Ms. Early shoot emergence
was also noticed on E4xM; (13.45 days) interaction and it exhibited statistical parity with E;xM;
(13.64 days) and E4xM3 (14.00 days), while shoot emergence was delayed in E;xM; (31.38 days)
interaction, and was statistically similar with E;xM3 (32.26 days), and E;xM; (31.65 days) (Table
4.1).
Shoot emergence efficiency

Tested factors and its interaction exhibited significant variation on shoot emergence
efficiency and was maximum in E, i.e., 38.56% in contrast to other maturity stages such as E;
which showed comparatively lesser shoot emergence efficiency of 29.74%. The basal medium
M; and M, maintained statistical parity and witnessed with high shoot emergence of 34.38% and
34.54% respectively, while M3 showed comparatively less shoot emergence (29.74%). The
interaction effect between E4xM; exhibited higher shoot emergence of 39.90%, in contrast to the
lowest shoot emergence in E;xM3 (25.37%) followed by E;xM; (24.17%) and E;xM; (24.30%)
(Tables 4.2).
Leaf unfolding efficiency

Observation on leaf unfolding efficiency was also found significant with respect to tested
factors and its interactions. Among the explants E4 had maximum leaf unfolding efficiency of
26.93% in contrast to E; which registered leaf unfolding efficiency of 17.89%. The basal medium
M; and M, registered statistical similarity with higher leaf unfolding efficiency of 21.90% (M)
and 22.04% (M,), while M3 showed relatively less leaf unfolding efficiency of 21.54%. Higher
leaf unfolding efficiency was documented in interaction E4xM, (22.01%) with a comparatively
lower values in E;xMj3 (9.20%) followed by E;xM; (9.62%) and E;xM; (9.62%) interactions
(Tables 4.2). Severe premature abscission was noticed invariably on all the tested explant

maturity stages, media and their interactions (Plate 4.2).
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Sub-experiment 1.4: Effect of different PBRs on primary shoot emergence and premature
abscission response of hardwood nodal segments in Kinnow mandarin
segments

Addition of PBRs to the basal medium is an inexorable factor for modulating growth of
cultured explant. The mean effect of shoot emergence parameters i.e., days to bud break, bud
break efficiency, shoot emergence efficiency, length of micro-shoots, number of leaves were
found statistically significant. The data obtained are presented in the Table 4.3, Figure 4.3 and

Plate 4.3. Among different PBRs tested, Gg (GAs 10 mg L™) recorded early bud break (3.42

days) and shoot emergence within a week (7.63 days) compared to C, (control) (13.45 days).

Highest bud break efficiency although was recorded in Bg (67.17%) and B (67.43%) shoot

emergence efficiency was higher in B; (68.92%). Similar to bud break efficiency, length of

micro-shoots (27.23 mm) and number of leaves was recorded highest in treatment Gg (5.96) in
comparison to control. Although abscission was noticed invariably on all the tested treatments, it
was delayed in treatment Ge.

Sub-experiment 1.5: Effect of PBR combinations on primary shoot emergence and

premature abscission response of hardwood nodal segments in
Kinnow mandarin

The observed parameters on the mean effect of shoot emergence showed significant
variations among the various PBR combinations tested. Early bud break was noticed in the PBR
combinations GAz + NAA (GN) and BAP + GA3; (BG) and it ranged between 3.77 to 3.85 days,
while it was delayed in BAP + NAA (BN) combinations (6.80 to 6.86 days). From the perusal of

data presented in Table 4.4 and Fig. 4.3 it is evident that shoot emergence was early in GA3; +

NAA (GN) combinations (7.73 to 7.96 days) while it was delayed in BAP + NAA (BN)

combinations (14.30 to 14.73 days). Highest bud break and shoot emergence was recorded in

BAP and GA; combinations (BG3-92.72% and BG,-85.68% respectively) with significantly

lower values in the treatment BN; (74.98 and 47.75 days respectively). Length of microshoots

ranged between 12.57 to 12.90 mm and 7.18 mm in BG and BK combinations respectively.

Maximum numbers of micro-shoots were obtained from BKj3; (2.50) followed by BK; (2.33),

while minimum number of microshoots were found in BG; (1.27), BN; (1.64) and GN,4 (1.42). .
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Plate 4.1 Poor in vitro response of nodal segments in Kinnow mandarin (a) BAP and NAA
combinations (b) BAP and Kinetin combinations.
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Table 4.1 Mean effect of media and explant type on days to bud break and primary shoot emergence in Kinnow mandarin

Explant type

Bud break (days)

Shoot emergence (days)

M, M, M3 Mean* M, M, M, Mean*
E, 19.00° 19.71° 22.77° 20.49°  31.38° 31.65° 32.26° 31.76°
E, 12.33% 11.44% 14.67° 12.81°  26.33° 25.56" 25.69° 25.86°
E; 9.24° 9.90° 9.68° 9.61° 17.67° 17.63° 18.83° 18.04°
E, 3.62 3.78" 3.76' 3.72¢ 13.45¢ 13.64° 14.00¢ 13.69¢
Mean** 11.05° 11.21° 12.72° - 22.21° 22.12° 22.69° -
LSD Explant (E) 0.77 0.44
(P <0.05) Medium (M) 0.67 0.38
- Ex M 2.36 1.34

Table 4.2 Mean effect of media and explant type on shoot emergence and leaf unfolding efficiency in Kinnow mandarin

Explant Shoot emergence efficiency (%) Leaf unfolding efficiency (%)

Type M, M, M, Mean* M, M, M, Mean*

E, 24.17°(29.44)  24.30°(29.53)  25.37°(30.24) 29.74°  9.50°(17.95) 9.62°(18.07)  9.20°(17.66)  17.89°

E, 28.93°(32.54)  29.00"(32.58) 28.379(32.18) 32.43°  11.33%(19.67) 11.30°(19.64) 11.00%(19.37) 19.56°

Es 35.17°(36.37)  36.83"°(37.37) 32.40°(34.69) 36.14°  15.27°(23.00)  15.50°(23.18) 14.772 (22.60) 22.93°

Es 39.90°(39.17)  39.07*(38.69) 37.62"(37.83) 38.56°  20.57*(26.97) 21.01%(27.29) (1569553) 26.93°

Mean**  34.38 34.54° 33.73" 21.90° 22.04 21.54°

LSD Explant (E) 0.43 0.25

(P < 0.05) Medium (M) 0.38 0.22
= Ex M 1.34 0.75

Values in the parenthesis are arc sine transformed values. * represent the explant mean irrespective of media. **
represent the medium mean irrespective of explants.
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Figure 4.3 Effect of plant growth regulators on days to bud break and shoot
emergence in Kinnow mandarin (a) Concentrations of individual PBRs
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Table 4.3 Mean effect of plant growth regulators on shoot emergence and abscission rate in
nodal segments of Kinnow mandarin

Shoot

Treatment Bud break . No. of micro- Micro-shoot  No. of leaves/ Abscission
regeneration
(mg/l) (%) ((yg) shoots/explant length (mm) micro-shoot rate
(0]

Co (blank) ‘ ‘ | .

ol 40.98'(39.80)  39.17"(39.90) 0.83 4.73 1.27 ++
contro
B, 51.05%(45.60)  45.25'(50.43) 1.20/ 9.40" 1.87! -+
B, 57.30°(49.20) 50.11 (58.87) 1.53" 12.3% 3.53¢ -+
Bs 61.33°(51.55)  63.95°(80.70) 1.77° 15.8° 5.43° ++
B. 61.67°(51.76)  65.20°(82.40) 2.37% 11.1% 4.50° ++
Bs 62.93°(52.50) 67.06" (84.80) 3.90° 9.63" 3.93¢ ++
Bs 67.17%(55.05)  67.53"(85.37) 1.73% 8.60 3.07° ++
B, 67.43%(55.27)  68.92°(87.03) 1.71%" 8.40% 3.03° ++
K, 33.70%(35.49) 41.57™(44.03) 1.37" 7.77% 1.93 ++
K, 36.779(37.32)  49.22%(57.33) 1.63%" 9.83" 2.37" ++
Ks 49.57%(44.75)  62.16°(78.17) 1.67%" 13.80° 2.83%0 -+
Ky 49.80%(44.89) 55.599(68.07) 2.40% 13.03° 2.43% ++
Ks 50.47°(45.26) 53.84"(65.18) 317" 11.70° 2.70°1" ++
Ks 50.50°(45.29) 53.43" (64.50) 2.23° 11.08" 2.67°1" ++
K-, 50.57°(45.32) 53.31" (64.30) 2.07" 11.21 2.87% ++
G, 29.67"(33.00)  50.38'(59.33) 1.27 10.60%" 2.10" ++
G, 37.009(37.47)  51.12!(60.60) 1.73% 12.70° 247" ++
G; 45.20°(42.24) 52.67'(63.23) 2.37% 11.40°™ 2.40" ++
G, 49.50%44.71) 54.17"(65.73) 2.84° 13.10% 2.54'" ++
Gs 54.67°(47.68) 57.57'(71.23) 2.53¢ 11.67° 2.57"" ++
Gs 60.91°(51.31)  58.37'(72.50) 1.80¢ 27.23° 5.92° +
LSD

2.03 1.10 0.22 0.99 0.42 -

(P<0.05)

Values in the parenthesis are arc sine transformed values. ++ represent the initiation of
abscission < 30 days after explant inoculation while + represent the delayed abscission of > 30

days after explant inoculation.
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Table 4.4 Mean effect of plant growth regulator combinations on primary shoot emergence
and abscission rate in Kinnow mandarin

Shoot
Treat X Bud break . No. of micro- Micro-shoot No. of leaves/ Abscission
reatmen regeneration
(%) (o/g) shoots/explant length (mm) micro-shoot
0
BK; 85.67'(67.76)  54.65' (47.67) 0.90%™" 6.93¢ 2.27° ++
BK, 87.13°(68.98)  54.37'(47.51) 0.77%" 7.18° 2.33% ++
BK, 88.08°(69.80)  69.02°(56.18) 1.40® 8.47° 2.50° ++
BG, 91.18°(72.72)  83.47°(66.01) 1.00%" 12.57° 1.27" ++
BG, 91.72°(73.27)  85.68%(67.77) 1.30™ 12.73° 1.50 ++
BG, 92.72%(74.34)  82.40°(65.20) 1.37%* 12.90° 1.69% ++
BN; 73.47%(58.99)  47.75' (43.71) 0.93¢%f0 9.20% 1.64° ++
BN, 74.98'(59.99)  49.43"(44.68) 0.80"" 9.72 2.27° ++
BN; 76.18'(60.79)  51.539(45.88) 0.83¢fa" 9.62™ 2.38% ++
BN, 76.40'(60.94)  50.49°(45.28) 0.72" 9.68" 2.08° ++
GN; 83.58"(66.10)  66.65°(54.72) 0.95%f0 7.30° 1.85° ++
GN, 84.639(66.92) 68.67°(55.96) 1.01% 8.07" 1.72% ++
GN, 85.74"(67.81)  69.07°(56.21) 1.10% 9.03° 1.62% ++
GN, 85.69'(67.77)  68.75°(56.01) 1.57° 8.77% 1.42%" ++
LSD
0.35 0.63 0.21 0.45 0.18 -
(P<0.05)

Values in the parenthesis are arc sine transformed values. ++ represent the initiation of

abscission <30 days after explant inoculation.
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Plate 4.2 Response of different nodal segment maturity stages on in vitro direct organogenesis and premature
abscission in Kinnow mandarin (a) tender stage, (b) softwood stage (c) semi hardwood stage (d) and (e)
hardwood stage.
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Premature abscission on BAP 2.5 mg L-! Premature abscission on GA; 10 mg L-!

Plate 4.3 Primary shoot emergence and premature abscission response of hardwood nodal segment expalnts on PBR
supplementation in Kinnow mandarin (a) bud break efficiency (b) shoot emergence efficiency (c) premature
abscission response.
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Table 4.5 Effect of silver compounds on micro-shoot establishment and abscission control

response in Kinnow mandarin

Treatment Abscission frequency (%) Shoot length (mm) No. of leaves

Control 100.00 (90.00) 29.16 6.13°
AN, 62.08 (51.99)" 33.02° 7.27°
AN, 42.63 (40.76)° 36.92¢ 7.35°
ANj; 38.44 (38.31)" 37.23° 7.52°
STS; 0.00 (0.00)° 39.84° 7.87°
STS;, 0.00 (0.00)° 78.05° 11.82°
STS; 0.00 (0.00)° 53.15" 4.50°
LSD (P< 0.05) 0.830 1.206 0.331

Values in the parenthesis are arc sine transformed values.
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Plate 4.4 Primary shoot emergence and premature abscission response of hardwood nodal segment explants on STS;
treatment in Kinnow mandarin. (a) micro-shoots of Gg treatment (b) and (c) abscission free micro-shoots on STS,
medium.

Plate 4.5 Callogenesis response of internodal segments obtained from in vitro micro-shoots in Kinnow mandarin
(d) internodal segments, (e) and (f) browning and drying of explants.
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Sub-experiment 1.6: Effect of silver compounds on micro-shoot establishment and
premature abscission control response in Kinnow mandarin

The results presented in the Table 4.6 inferred that although silver nitrate can
significantly reduce the abscission rate with increasing concentrations, the treatment BAP 2.5 mg
LY + GA; 10 mg L™ + STS 5.0 mg L™ (STS,) generated longest microshoots (7.81 cm) with
more number of leaves (11.82) and the same combination maintained abscission free cultures
upon subculture than control (Table 4.5 and Plate 4.4).

b. Indirect organogenesis of internodal segment explants

The sub-experiments 1.7 and 1.8 on standardization of callus induction and proliferation
from internodal segments obtained from micro-shoots of silver compound supplemented medium
completely failed to initiate and proliferate callus on various callus induction medium (Table 4.6
and 4.7; Plate 4.5).

c. Optimization of juvenile tissue (in vitro seedlings) for obtaining epicotyl segment explants

Sub-expeiment 1.9: Effect of seed maturity, inoculation method and medium composition
on in vitro seed germination efficiency in Kinnow mandarin.
Seed germination efficiency

Results on mean effect of seed maturity stages, growing medium and inoculation method
are presented in Table 4.8, Plate 4.6a and 4.6b. The obtained data clearly indicated significant
variation among the maturity stages of seed, growing medium, inoculation method and their
interaction.

Among the inoculation methods, C3 (vertical cut at chalazal end) induced highest
germination efficiency of 90.44%, whereas low germination efficiency was observed on C,
(removal of outer integument) (60.66%) method of inoculation. The germination efficiency
(83.33%) was observed maximum on M and was statistically similar with M, and M3, while My
recorded minimum germination efficiency of 54.33%.

Among the seed maturity stages, fully desiccated seeds available between December-
March (>275 days old ripened fruits) showed highest in vitro germination efficiency of 96.67%,
while minimum germination efficiency of 37.50% was observed in non-desiccated immature

seeds available between August-mid October (150 -230 days old fruits).
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The interaction between seed maturity stage and inoculation method revealed highest
germination efficiency of 98.67% in S3xCj interaction i.e., fully desiccated seeds inoculated after
vertical cut at chalazal end. However, it did not differ statistically amongst the interaction effect
of S3xC; (98.00%) and S;xCj3 (97.67%). The germination efficiency was poor in the interactions
S1xC; i.e., non-desiccated seeds inoculated after removal of outer integument and S;xC4.

The interaction between seed maturity stage and growing medium showed cent %
germination efficiency in the interactions S;xM; i.e., transitional stage seed inoculated on full
MS basal medium induced cent per cent germination, however it had a statistical parity with
other interactions such as S;xM;, S;xMs, S3xMj, S3xM, and S3xM3 Conversely, the seeds did
not germinate in S;xMy interaction i.e., non-desiccated seed inoculated on sterilized potting
medium containing 2:1:1 of cocopeat: vermiculite: perlite.

The interaction between inoculation method and growing medium recorded highest
germination efficiency in interaction between C;xM; (100%), and was statistically similar %
germination in other interactions i.e., CixM;, C;xMj;, C3xM;, C3xM, and C3xMs. The
germination was however recorded minimum in C,xMy interaction (42.66%).

The interaction effect of all three tested factors on in vitro seed germination efficiency
ranged between 0 to 100%. Invariably cent per cent germination was obtained from all the tested
interactions except S;xC;xMy Six CXMy4, S1XC3xXMy, Six C4xMy.4, Similarly in the treatments

Syx Cy1.4xMy and S3xCy.4xMy the germination efficiency varied between 0 to 94%.

Day to in vitro seed germination

The mean effect of seed maturity stages, growing medium, inoculation method and their
interactions were statistically significant. The data documented on days to germination among
the tested seed maturity stages, growing medium and inoculation method are presented in the
Table 4.9.

The mean effect of seed maturity stages on days to germination showed early
germination (3.53 days) in the treatment S; (non-desiccated seeds). Fully desiccated seeds took
6.76 days followed by 9.97 days in transitional stage (S3) seeds. Similar mean effect on early
germination (3.78 days) was noticed in C, inoculation method, while it was delayed by 18 days
in C3. The mean effect of growing media on days to germination registered an early germination
within 4.16 days in M3, while the germination was delayed in M4 with almost double the duration
i.e., 8.00 days.
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The interaction effect between seed maturity stages and growing media exhibited early
germination in S;xMj interaction (4.56 days), maintained statistical parity with S;xMj3 (4.63
days), S1xM; (4.94 days), S3xM; (5.58 days), S3xM3 (5.74 days) and S;xM, (6.24 days). The
germination was however, delayed in S;xMy interaction (14.52 days). Similarly the interactions
between seed maturity stages and inoculation method, early germination (3.58) was obtained in
S3xCy4 interaction, while delayed response (19.37 days) was observed on S;xC, interaction. No
response was observed in S;xC, and S;XC, interactions. Likewise the interactions between
growing media and inoculation method, earliest seed germination (2.15 days) was witnessed in
C4xM3y, and was statistically similar with C4xM; interactions (2.31 days). The delayed
germination response (14.57 days) was observed on C,xMj interactions.

The overall interaction showed earliest germination (3.01 days) in S3xCsxM;. The
delayed germination was noticed in SpxC,xMg interaction (3.16 days).

Number of seedling per seed

Number of seedlings/seed was found statistically significant among the different factors
and their interaction studied. The data obtained on seedling counts are presented in Table 4.10
and plate 4.6a and b.

Among the seed maturity stages S, (transitional stage) produced more number of
seedlings/seed i.e., 4.35 followed by Sz (3.33) and S; (1.05). Likewise, among the inoculation
method studied, maximum number of seedlings per seed was observed in C; (3.54), while it was
minimum in C, (2.83). Similarly, among the growing medium, more seedlings were obtained on
M3 (3.68) and did not differ with the observations recorded in M; (3.55). Lower number of
seedlings was obtained from M, (1.39),

The mean effect on number of seedlings per seed among the interaction between seed
maturity stages and inoculation method registered maximum number of seedlings (5.76) in
S,xCy, whereas minimum number was noticed on S;xC; (2.07) and it was at par with S;xC;
(2.14). Among the interaction between seed maturity stages and growing medium, maximum
number of seedlings (5.42) was noticed on S;xMg interaction with similar statistical values in
S2xM; (5.24). However, minimum number of seedlings per seed (1.25) was observed in S;xM;
interaction. The interaction between inoculation method and growing medium registered
maximum seedlings i.e., 4.93/seed in C;xMj3 and it was minimum in C;xMy (1.12) and C4xMy

(1.38).
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The mean effect on number of seedlings per seed among the interaction between three
factor studied shows maximum number of seedlings (8.03) in S,xC;xMg3while minimum number
of seedlings per seed (1.42) was observed in SzxC;xMyand S;xC1xMy (1.93).

The induction of friable embryogenic callus from outer integument of transitional stage
seeds when inoculated with vertical at the chalazal end followed by inoculation on MS medium
containing activated charcoal (S;xM3xC3) was an interesting observation which has not been
reported earlier.

d. Indirect organogenesis ability of epicotyl segment explants

Sub-experiment 1.10: Effect of auxin on callogenesis response of epicotyl segments obtained
from in vitro raised seedlings in Kinnow mandarin

Callus induction efficiency

The mean effect on callus induction efficiency was found significant among the basal
media and auxin concentrations, whereas the interaction between them revealed non significant
variation (Table 4.11, Plate 4.7). Among the media, highest callus induction efficiency was
observed on M, (19.56%) followed by M; (18.96%), whereas lowest response was observed on
M3 (16.74%). Similarly among the treatments D3 stimulated high callus induction (37.33%)
followed by D, (34.67) whereas no callus induction was observed in control.

Sub-experiment 1.11: Effect of auxin with organic additives on callogenesis response of
epicotyl segments obtained from in vitro raised seedlings in Kinnow
mandarin

Callus induction efficiency

Among the factors and their interaction studied, significant difference was observed only
in treatments (Table 4.12, Plate 4.7). Among the treatments tested, J, registered highest callus
induction efficiency of 51.56%, whereas low response was observed on Jg (11.11) and did not
differ statistically with Ji; and Ji2.

Callus proliferation efficiency

The mean effect on callus proliferation efficiency was significant among the treatment
studied, whereas the media and the interaction of two factors were non-significant (Table 4.12).
Among the treatments tested, J, registered highest callus proliferation efficiency of 15.58%,

whereas lowest response was observed on J; (12.44%).
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e. Optimization of reproductive explant (juicy vesicle) for indirect organogenesis

Various maturity stages of fruits were used as a source of juicy vesicle and subjected to
following sub-experiments to assess its ability on indirect organogenesis.
Sub-experiment 1.12: Effect of auxin on callogenesis response of juicy vesicle explant in

Kinnow mandarin

Callus induction efficiency

Among the factors and its interaction, significant difference was observed in treatments
(Table 4.13). Among the treatments tested, D3 registered highest callus induction efficiency of
100% followed by D, (99.56%) and D4 (98.22%), whereas low response was observed on Dg
(11.11) and it was nil in D;.

Sub-experiment 1.13: Effect of auxin with organic supplements on callogenesis response of
juicy vesicle explants in Kinnow mandarin
Callus induction efficiency
The mean effect on callus induction efficiency was found significant among the
treatment studied, whereas the media and the interaction of two factors were of non-significant
(Table 4.14). Among the treatments tested, J; registered highest callus proliferation efficiency of
100% followed by J;, J3 and J4,
Callus proliferation efficiency
All factors and their interactions induced cent per cent proliferation and there was

no significant difference between them (Table 4.14).
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Table 4.6 Mean effect of basal medium and auxin concentrations on callus induction efficiency in internodal explants of
Kinnow mandarin

Basal medium M, M, M; Mean

Auxin treatments

D; 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
D, 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Ds 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
D, 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Ds 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Ds 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
D; 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Ds 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Dy 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Mean 0.00 0.00 0.00 0.00
LSD (P<0.05)
M -
D -
MxD -

Values in the parenthesis are arc sine transformed values.
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Table 4.7 Mean effect of basal medium and auxin with organic additives on callus induction efficiency in internodal explants

of Kinnow mandarin

Basal medium M, M, M3 Mean
Auxin treatments
J1 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
J2 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Js 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Ja 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Js 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Je 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
J7 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Jg 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Jo 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
J1o 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Ju 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Jiz 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00
Mean 0.00 0.00 0.00 0.00
LSD (P<0.05)
M -
J -
MxJ -

Values in the parenthesis are arc sine transformed values.
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Table 4.8 Mean effect of seed maturity, inoculation method and medium composition on in vitro seed germination efficiency in

Kinnow mandarin

Mean”
Non desiccated (Aug- mid Oct) Transitional (mid Oct - Nov) Fully desiccated (Dec — Mar)
Mean Mean Mean
C; C, Cs Cy C, C, Cs Cy C, C, Cs Cs
100.00°  0.00' 100.00°  0.00' 100.00% 100.00% 100.00% 100.00% 100.00* 100.00* 100.00* 100.00%
M, (0.00) (0.00) 50.00 100.00 100.00 83.33
(89.87) : (89.87) : (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87)
100.00° 0.00'  100.00° 0.00' 100.00% 100.00*  100.00° 100.00? 100.00* 100.00* 100.00* 100.00°
M, (0.00) (0.00) 50.00 100.00 100.00 83.33
(89.87) ' (89.87) : (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87)
100.00* 0.00'  100.00° 0.00' 100.00% 100.00*  100.00° 100.00? 100.00° 100.00* 100.00* 100.00°
M, (0.00) (0.00) 50.00 100.00 100.00 83.33
(89.87) ' (89.87) : (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87)
0.00' 0.00'  0.00' 0.00' 76.00" 57.33" 90.67 81.33° 92.00° 70.67° 94.67°  89.33"
M, (0.00) (0.00) 00.00 76.33 86.67 54.33
(0.00) (0.00) (64.52) (49.15) (72.19) (64.52) (73.46) (57.20) (76.72) (70.91)
Mean 75.00 - 75.00 - 3750 94.00 89.33 97.67 95.33 94.08  98.00 92.67 98.67 97.33 96.67 76.08
Factors Seed maturity stage (S) Inoculation method (C) Medium compositions (M) MxS SxC CxM SxCxM
LSD (P<0.05) 0.463 0.535 0.535 0.927 0.927 1.071 1.855

Values in the parenthesis are arc sine transformed values. * represent over all mean
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Table 4.9 Mean effect of seed maturity, inoculation method and medium composition on days to in vitro seed germination in
Kinnow mandarin

Non desiccated (Aug- mid Oct) Transitional (mid Oct - Nov) Fully desiccated (Dec — Mar) Mean’
ean
C, C. GC; Cs Mean C1 Cc2 C3 C4 Mean C1 Cc2 C3 C4 Mean

M;  6.12™ 0.00 12.11%" 0.00 456 4.11° 17.56° 824" 345° 834 321° 11.85" 4.23"™ 301° 558 6.16
M, 651" 0.00 1327° 0.00 494 4.96° 17.92° 912" 364" 891 344" 1253 571" 329" 624 6.70
M; 617" 0.00 1236 000 463 425"  17.12° 7.70 331° 810 3.16° 11.97"" 465 3.16° 574 6.16
M,  0.00° 000 000" 0.0 000 879 2486°  16.47° 7.97% 1452 751' 1657 894 4.86° 947 8.00

Mean 470 0.00 943 0.00 353 5.53 1937 1039 459 997 433 1323 588 358 6.76 6.75

Factors Seed maturity (S) Growing medium (M) Inoculation method (C) SxM SxC CxM SxC xM

LSD (P<0.05) 0.106 0.122 0.122 0.212 0.212 1.245 0.424

Values in the parenthesis are arc sine transformed values. * represent over all mean
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Table 4.10 Mean effect of seed maturity, inoculation method and medium composition on number of germinated seedlings per
seed in Kinnow mandarin

Non desiccated (Aug- mid Oct) Transitional (mid Oct - Nov) Fully desiccated (Dec — Mar) Mean

C, C, C; Cy Mean C; C, C; Cs Mean C; C, C; Cy mean

M, 2.60° 000 3.15™% 0.00 1.45 7.52® 575 2.87" 481 524  3454™ 432" 4119 4049 398 3.55
M, 2359 0.00 265%™ 000 1.25 556 4.89" 268" 507% 455 2.75%" 373WKM pg1pae 391" 325 301
M, 3.29"™° 000 2.76°°" 0.00 1.51 8.03* 6.29° 2.72%" 464 542  3.48¢™ 417"  361™M™ 517°® 411 3.68
M, 0.00"  0.00 0.00" 0.00 000 1.93% 240 232" 213" 220 1.42" 238" 213" 202% 199 1.39
Mean 2.07 0.00 2.14 0.00 1.05 576 4.83 265 4.16 435 278 3.65 3.12 3.78 333 291

Factors Seed maturity (S) Growing medium (M) Inoculation method (C) SxM SxC CxM SxC xM

LSD (P<0.05) 0.138 0.159 0.159 0.277 0.277 0.319 0.553

Values in the parenthesis are arc sine transformed values. * represent over all mean
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Plate 4.6a Response of non-desiccated (stage 1) and transitional stage seed (stage 11) maturity, various culture media
and inoculation methods on in vitro seed germination in Kinnow mandarin. (a - b Stage | and ¢ - g Stage
I1). (a) Removal of both integuments - MS media, (b) Removal of both integuments - 2 MS media, (c) Removal
of both integuments- MS media,(d) Removal of both integuments - % MS media, (e) Removal of outer
integuments - % MS media, (f) Removal of both integuments MS + AC 200 mg L™, (g) Vertical cut at chalazal
end MS + AC 200 mg L™
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Plate 4.6b Response of fully desiccated seed maturity (stage I11), various culture media and
inoculation methods on in vitro seed germination in Kinnow mandarin (a)
removal of both integuments-MS medium, (b) removal of both integuments-%2 MS
medium, (c) removal of outer integument-MS medium, (d) % NaOCI pretreatment
followed by removal of both integuments-MS medium, (e¢) removal of outer
integument - potting medium, (f) vertical cut at chalazal end-potting medium (g)
removal of both integuments-potting medium and (h) 4% NaOCI pretreatment
followed bv removal of both inteauments - pottina medium.
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Plate 4.7 Callogenesis response of epicotyl segments obtained from in vitro rasied seedlings in Kinnow mandarin (a)
splited epicotyl segments inoculated on various callus induction media (b) callus initiation, (c) callus proliferation.
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Plate 4.8 Callogenesis response of juicy vesicle obtained from various fruit maturity stages in Kinnow mandarin (a) juicy
vesicle segments inoculated on various callus induction media (b) callus initiation, (c) callus proliferation.
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Sub-experiment 1.14: Effect of fruit maturity stages, basal medium, auxin with organic
additives on callogenesis response of juicy vesicles in Kinnow
mandarin

Callus induction efficiency

The mean effect on callus induction efficiency was found significant among the factors
and few of their interactions except interaction between auxin treatments and basal media and all
three factors tested i.e., SxJxM (Table 4.15, Plate 4.8).

The mean effect of juicy vesicle maturity stages registered significant variation on callus
induction. Among the stages highest callus induction was observed on S; (96.44%), whereas low
response was observed in Sz (83.56%). Among the basal media similar high response was
observed on M; (92.00%), whereas it was low in Mj (79.56%). Among the treatments high
response was witnessed on J; (92.00%) whereas, low callus induction efficiency was observed on
J4 (85.78%) followed by J; (88.59%).

The mean effect of interaction between juicy vesicle maturity stage and basal medium
was significant, among the interactions callus induction was highest in S;xM; (97.67) followed
by S1xMj3 (96.33%), S1xM; (95.33%) and S3xM; (97.67%) with statistical parity. The mean
effect of interaction between maturity stage and auxin treatment registered significant variation
on callus induction efficiency. Among the interactions S;xJ; induced high callusing (97.33%)
followed by S;xJ3 (96.44%), SixJ4 (90.67%) and S;xJ, (90.00%) whereas low response was
found on S3xJ3 (77.78%) interaction.

Callus proliferation efficiency

All factors and their interactions induced cent per cent proliferation, there was no
significant difference found between them (Table 4.16).

e. Indirect shoot organogenesis

Sub-experiment 1.15: Shoot organogenesis ability of epicotyl segment and juicy vesicle
callus in Kinnow mandarin

Among the various factors such as basal medium, PBR treatments and PBR with organic
additives tested for shoot organogenesis from epicotyl and juicy vesicle derived calli, only few
responded positively. Juicy vesicle callus of S; stage resulted in shoot primordial induction.
Similarly among the treatments only Ss (Bs + BAP (2.0 mg / L) + NAA (0.5 mg L™) + CW 5%)
and Sg (Bs + BAP (2.0 mg L") + NAA (0.5 mg L™) + CW 10%) induced nodular callus (Figure

105



4.4). Further the effect of desiccation/heat shock, altered photoperiod, suspension culture and

nurse culture were found inefficient for conversion of calli into shoot organs.
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Table 4.11 Basal medium composition and auxin concentration on callus induction efficiency and days to callus induction of
epicotyl segments in Kinnow mandarin.

Basal medium Callus induction efficiency
Auxin treatments M M, Ms Mean
D1 0.00 0.00 0.00 0.00
D> 37.33 38.67 34.67 36.89
Ds 42.67 44.00 37.33 41.33
D4 25.33 24.00 22.67 24.00
Ds 17.33 16.00 13.33 15.56
Ds 25.33 26.67 24.00 25.33
D7 13.33 14.67 12.00 13.33
Ds 5.33 6.67 4.00 5.33
Dy 4.00 5.33 2.67 4.00
Mean 18.96 19.56 16.74 18.42
LSD (P<0.05)
Medium (M) 1.736
Auxin treatments (D) 3.054
MxD 5.290

Values in parentheses are arcsine transformed.
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Table 4.12 Effect of basal media, auxin and organic additives on callus induction and proliferation frequency of epicotyl
segments in Kinnow mandarin.

Callus induction% Callus proliferation %
M1 M2 M3 Mean M1 M2 M3 Mean
J1 426770 45,3320 41.330°%f 4311  12.73% 14.90%° 9.70¢ 12.44
J2 50.67% 54.67° 49,33 5156  15.87% 17.54° 13.33% 15.58
J3 36.00°%"" 38.670cd™ 34.67%"" 36.44  0.00° 0.00° 0.00° 0.00
J4 36.00%"" 37.33°0f 33,3370 3556  0.00° 0.00° 0.00° 0.00
J5 32.00°""Y 32.00°"9M 28.009MK 30.67  0.00° 0.00° 0.00° 0.00
J6 29.339" 30.67¢"" 28.009"k 29.33  0.00° 0.00° 0.00° 0.00
J7 24,00 25.33"k 22.674m 2400  0.00° 0.00° 0.00° 0.00
J8 22.67MM 22.67MHM 18.674™ 21.33  0.00° 0.00° 0.00° 0.00
J9 10.67™ 12.00™ 10.67™ 1111 0.00° 0.00° 0.00° 0.00
J10 12.00™ 13.33™° 14.67"™ 13.33  0.00° 0.00° 0.00° 0.00
J11 12.00™ 9.33° 12.00™ 1111 0.00° 0.00° 0.00° 0.00
J12 9.33° 10.67™ 13.33" 1111 0.00° 0.00° 0.00° 0.00
Mean 26.44 27.67 25.56 26.56 2.38 2.70 1.92 2.34
LSD (P<0.05)
M 1.819 0.718
J 3.637%** 1.435%**
MxJ 6.300 2.486

Values in parentheses are arcsine transformed.
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Table 4.13 Effect of basal medium composition and auxin concentration on callus induction efficiency in juicy vesicle explants
of Kinnow mandarin

Basal medium Callus induction efficiency

Auxin treatments M M Ms mean

D1 0.00 0.00 0.00 0.00

D 100.00 100.00 98.67 99.56

Ds 100.00 100.00 100.00 100.00

D, 97.33 98.67 98.67 98.22

Ds 90.67 92.00 89.33 90.67

B 64.00 66.67 61.33 64.00

D7 54.67 50.67 52.00 52.44

Ds 36.00 34.67 36.00 35.56

Do 24.00 25.33 24.00 24.44

Mean 62.96 63.11 62.22 62.77

LSD (P<0.05)
Medium (M) 1.878
Auxin treatments (D) 3.254
MxD 5.635

Values in parentheses are arcsine transformed.
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Table 4.14 Effect of basal media, auxin with organic additives on callus induction frequency of juicy vesicle explants in
Kinnow mandarin.

Callus induction% Callus proliferation%o
Basal media M1 M2 M3 Mean M1 M2 M3 Mean
Treatments
J1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
J2 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
J3 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
J4 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
J5 69.74 72.70 69.84 70.76 100.00 100.00 100.00 100.00
J6 75.08 75.66 73.87 74.87 100.00 100.00 100.00 100.00
J7 76.67 79.24 72.38 76.10 100.00 100.00 100.00 100.00
J8 79.44 80.98 75.00 78.48 100.00 100.00 100.00 100.00
J9 30.56 36.11 33.33 33.33 100.00 100.00 100.00 100.00
J10 38.89 35.56 30.00 34.81 100.00 100.00 100.00 100.00
Ji1 11.11 17.78 16.67 15.19 100.00 100.00 100.00 100.00
J12 16.67 16.67 8.33 13.89 100.00 100.00 100.00 100.00
Mean 66.51 67.89 64.95 66.45 100.00 100.00 100.00 100.00
LSD (P<0.05)
M 5.978 -
J 11.957*** -
MxJ 20.710

Values in parentheses are arcsine transformed.
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Table 4.15 Effect of fruit maturity stages, basal media and auxin with organic additives on callus induction efficiency of juicy
vesicle explants in Kinnow mandarin.

Sy S, Ss Mean
M M, Ms; Mean M; M, M, Mean M, M, M, mean
i 98.67 96.00 97.33 97.33 98.67 88.00 86.67 91.11 97.33 88.00 77.33 87.56 92.00
J2 98.67 93.33 96.00 96.00 96.00 86.67 78.67 87.11 93.33 84.00 82.67 86.67 89.93
J 97.33 96.00 96.00 96.44 89.33 94.67 77.33 87.11 90.67 80.00 76.00 82.22 88.59
Ja 96.00 96.00 96.00 96.00 90.67 85.33 74.67 83.56 89.33 76.00 68.00 77.78 85.78
Mean 97.67 95.33 96.33 96.44 93.67 88.67 79.33 87.22 92.67 82.00 76.00 83.56 89.07
Factors Maturity stages (S) Growing medium (M) Auxin (J) SxM SxJ MxJ SxM xJ
LSD (P<0.05) 2.677 3.091 2.677 5.354 4637 5.354 9.274

Values in parentheses are arcsine transformed.
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Table 4.16 Effect of fruit maturity stages, basal media and auxin with organic additives on callus proliferation efficiency of
juicy vesicle explants in Kinnow mandarin.

S; S, S3 Mean”

M M, M; Mean M, M, M; Mean M M, M; Mean

Ji 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 (89.87)
(89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87) (89.87)

J, 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 (89.87)
(89.87) (89.87) (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87)

N 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 (89.87)
(89.87) (89.87) (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87)

NA 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 (89.87)
(89.87) (89.87) (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87)

Mean 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 (89.87)
(89.87) (89.87) (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87) (89.87) (89.87)  (89.87) (89.87)
Factors Maturity stages (S) Growing medium (M) Auxin (J) SxM SxJ MxJ SxM xJ

LSD (P<0.05) - - - - - - -

Values in parentheses are arcsine transformed.
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Figure 4.4 Regeneration responses of epicotyl and juicy vesicle callus on various regeneration medium in Kinnow

mandarin. S1- MS + BAP (2.0 mg L™) + cw 5.0%, S2- MS + BAP (2.0 mg L™) + cw 10.0%, S3- MS + BAP (2.0
mg L) + NAA (0.5 mg L) + cw 5.0%, S4- MS + BAP (2.0 mg L™) + NAA (0.5 mg L") + cw 10.0%, S5- B5 +
BAP (2.0 mg L™) + NAA (0.5 mg L™ + cw 5.0%, S6 - B5 + BAP (2.0 mg L™) + NAA (0.5 mg L™) + cw 10.0%.
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Plate 4.9 Response of epicotyl segment and juicy vesicle explants on various regeneration steps in Kinnow
mandarin
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Experiment 2: Assessment of somatic embryogenesis ability of different explants
representing various maturity stages in Kinnow mandarin.

a. Optimization of ovule explant for somatic embryogenesis
Sub-experiment 2.1: Standardization of optimum fruit size for ovule explant collection in
Kinnow mandarin

Stereomicroscopic observations during the post-anthesis fruit developmental stages (5-45
mm diameter) revealed interesting results. Based on the developmental events of ovule
corresponding to fruit diameter, the following classifications were made viz., stage | (5-14 mm),
stage Il (>14-21 mm), stage Il (>21-25 mm), stage IV (>25-28 mm), stage V (>28-34 mm),
stage VI (>34-38 mm) and VII (>38 mm). Fruits measuring 5-14 mm in diameter had ovule size
of <2 mm (stage 1). In the subsequent fruit development stages, >14-21 mm diameter fruits [50-
70 days after anthesis (DAA)] showed faster ovule growth and measured approximately 2-3 mm
(stage I1). At this stage, the ovule had intact nucellus and the presence of liquid endosperm.
However, the embryos were not visible. When the fruits attained a size of >21-25 mm diameter
(75-110 DAA), ovules grew to a size of more than 4 mm (stage I11). Compared to the initial two
stages, where dissection and handling were difficult, it was much easier to handle and dissect the
stage 11l samples. The ovule color at stage Il was pale white, containing a liquid endosperm,
intact nucellus and nucellus covering the entire embryo sac. Multiple globular to heart-shaped
embryos could be seen crowded at the micropylar end of the embryo sac, while no visible
embryo differentiation was witnessed in nucellus tissue. The stage IV fruits measuring >25-28
mm in diameter (110-120 DAA) contained ovules (<5 mm) with semisolid endosperm. The
nucellus at this stage started depleting from the micropylar end and a few embryos were
converted to torpedo and cotyledonary stages. In contrast, at the chalazal end, the pink color
appeared. At stage V, when the fruits were >28-34 mm in diameter, the ovules grew to a length
of 5-5.5 mm and the embryo occupied nearly half of the embryo sac, while the nucellus was
visible at the chalazal half (120-130 DAA). More than 34 mm fruits of stage VI had embryo
growth extended to 3/4™ the size of ovules (6-7 mm) and nucellus was visible at the chalazal end
(135 DAA). Stage VII fruits beyond 38 mm (140 DAA) showed ovules of >8 mm, where the
embryo covered the maximum portion of the embryo sac by depleting the endosperm (Table
4.17; Figure 4.5 and Plate 4.10, 4.11 and 4.12).
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The complete depletion of nucellus occurred nearly 150 DAA. Hence, this particular
experiment was conducted up to 150 days. Initial immature fruit developmental stages revealed
three non-sequential orders in fruit growth and ovule growth. Firstly, ovule size was nearly
similar, but fruit growth was faster, followed by vice versa in the second order and then in the
third round, both ovule and fruit had faster growth. It was evident from the above result that
fruits of 5-21 mm diameter have ovules of <3 mm (up to 70 days after anthesis) in size, whereas
21-25 mm fruits have ovule lengths of >4 mm (after another 35 days) followed by visible
changes observed in ovule as well as fruit growth at a faster rate in upcoming growth stages (40
days). However, internal ovule developmental events followed a sequential order. This
sequential event coincided with ovule length and embryo coverage in fertilized developed
ovules. Hence, based on the ovule developmental events, i.e., ovule length, embryo coverage and
endosperm nature, the classification was made to group the fruits according to size.
Consequently, the fruit size can become a valuable marker for Kinnow researchers to collect the
optimized fruit size for desired ovule explant. Stage Il and Il had liquid endosperm and intact
nucellus. The difference between these two stages or the shift from stage Il to stage Ill can be
confirmed with the visibility of pale green embryos to the naked eye at the micropylar end of
ovules at stage Ill. In addition, >4 mm ovules facilitate easy handling than 2-3 mm ovules.
Likewise, the completion of stage 111 was noticed by a change in liquid to semisolid endosperm
and pink coloration at the chalazal end. After completion of stage 111, fertilized and unfertilized
ovules can be differentiated with uneven flatness in the ovule. Stage Il fruits were found to be
most suitable for explant excision (optimized size), as it could fulfill the desired ovule length,
liquid endosperm and prominent nucellus requirements.

Sub-experiment 2.2: Histological optimization of ovule size for true-to-type somatic
embryogenesis in Kinnow mandarin

Anatomical observations of longitudinal ovule sections revealed gradual depletion of
nucellus tissue with corresponding embryo sac expansion and simultaneous swift in embryo
growth between stages Il and I1l. Observations on the existence of independent embryos within
an embryo sac confirm the phenomenon of nucellar embryony in Kinnow mandarin. Globular
embryos of almost similar size were observed in stage Il at the micropylar end, while a few
celled proglobular embryos were distributed at the micropylar half and chalazal end (Plate 4.13

A-E). Dominant growth of embryo with vascular connection was observed along with almost
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| 15-20 mm

21-28 mm

| 39- 45mm |

Plate 4.10 Fruit sizes (5 to 45 mm) and corresponding ovule developmental events in
Kinnow mandarin
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Plate 4.11 Fertilized ovule developmental stages in Kinnow mandarin (a) ovule of 5
mm diameter fruit, (b) ovule of 12 mm diameter fruit, (c) ovule of 19 mm
diameter fruit, (d) ovule of 24 mm diameter fruit, (¢) ovule of 26.8 mm
diameter fruit, (f) ovule of 33 mm diameter fruit, (g) ovule of 36 mm diameter
fruit, (h) ovule of 40 mm diameter fruit. Scale Bar represents 500 um,
“represents embryo, CE - Chalazal end, EN - endosperm, I - integuments, LE -
liauid endosnerm. ME - Microovlar end and NU - nucellus tissue.
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Plate 4.12 Stage specific fruit size and corresponding ovule developmental events in Kinnow
mandarin




Table 4.17 Classification of fruit sizes and corresponding days after peak anthesis in Kinnow mandarin

Fruit growth stages Fruit diameter (mm) DAA (Days)
I 5-<14 30-50
I >14 - <21 50-70
i >21-<25 70-110
v >25 - <28 110 -120
\Y >28 - <34 120 -130
Vi >34 - <38 130 -135
Wl >39 - <45 135 -150
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Figure 4.5 Internal developmental events of ovule at respective fruit growth stages (a) ovule length (b) embryo
coverage and presence of liquid endosperm in Kinnow mandarin frits at different diameter.
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similar size of other embryos at micropylar end. In contrast, embryos could not be seen either at

the micropylar half or the chalazal end of the nucellus or embryo sac at stage 111 (Plate4.13 F-J).

Sub-experiment 2.3: Standardization of somatic embryo induction cum maturation
medium

In ovulo nucellus explants obtained from > 4 mm ovules of the optimized fruit size (>21-
25 mm) induced direct somatic embryos at the micropylar cut end, while pale white to yellowish
non-embryogenic compact callus initiated on the outer integument of explants. Among the basal
media, a higher somatic embryogenic response (12.90%) was observed on the DKW medium.
Similarly, among the PBR treatments, it was significantly higher (30.64%) on EM, containing
cytokinin and organic additive in the form of kinetin and malt extract. The PBR treatments EM;
and EM; devoid of cytokinin, failed to induce somatic embryos, but it was witnessed in the
treatments EMs and EMg supplemented with coconut water. DKW and EM;y interaction effect
revealed significantly higher (35.67%) somatic embryogenesis response compared to the other
combinations on cultured in ovulo nucellus explants of Kinnow mandarin (Figure 4.6a; plate
4.14a and 4.14b).

Media played an important role in inducing early somatic embryogenesis. As compared
to other media tested, the earliest somatic embryogenesis (54.39 days) was recorded on the DKW
medium. Although PBR treatments EM3; and EM, induced early somatic embryogenesis by
maintaining statistical parity of 59.70 and 59.45 days, respectively, the overall effect of days to
embryo initiation was highly significant among the PBR treatments. Almost twofold more time
was taken for somatic embryogenesis in the treatments EMs (108.66 days) and EMg (109.83
days). The interaction effect of basal media and PBR treatments, although revealed significant
differences the combinations DKW x EMj3 (56.59 days), MT x EM, (56.68 days) and DKW x
EM, (56.21 days) recorded early somatic embryogenesis without any statistical variation.
However, delayed embryogenesis (112.65 days) was observed in Bsx EMg interaction (Table
4.18).
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Figure 4.6 Effect of media and growth regulator combinations on efficiency of direct
somatic embryogenesis (a), germination (b) and plantlet establishment (c) in
Kinnow mandarin.
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4.18 Mean effect of media and growth regulator combinations on days to direct somatic

embryogenesis in Kinnow mandarin

Basal media MT DKW Bs Mean**
ICM treatments
EM; 0.00" 0.00" 0.00" 0.00
EM, 0.00" 0.00" 0.00" 0.00
EM; 57.449 56. 58¢ 65.06' 59.70
EM, 56.69° 56.23¢ 65.44 " 59.45
EMs 108.33° 106.33° 111.33° 108.66
EMs 109.66° 107.16% 112.66° 109.83
Mean * 55.36 54.39 59.09 56.28
LSD (P<0.05)
Treatment (T) 0.713
Medium (M) 0.504
Interaction (T x M) 1.236

* represent the media mean irrespective of treatments, ** represent the treatment mean

irrespective of media.
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Table 4.19 Mean effect of media and growth regulator combinations on direct somatic

embryogenesis capacity in Kinnow mandarin

Basal media MT DKW Bs Mean**

ICM treatments

EM; 0.00" 0.00" 0.00" 0.00
EM, 0.00" 0.00" 0.00" 0.00
EM; 51.55" 87.60° 29.26° 56.13
EM, 56.59° 110.81° 39.00" 68.80
EMs 35.33' 37.66' 25.66° 32.88
EMs 36.50" 45.5° 27.66° 36.55
Mean* 30.00 46.93 20.27 32.39
LSD (P<0.05)
Treatment (T) 2.164
Medium (M) 1.530
Interaction (T x M) 3.749

* represent the media mean irrespective of treatments, ** represent the treatment mean

irrespective of media.
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Plate 4.13 Histological study on ovule developmental events in Kinnow mandarin (a)
Longitudinal section of stage Il ovule from 15 mm fruits (arrow indicates the
nucellar embryo), (b-e) magnified view of a different region of figure a (b,
micropylar end region; ¢ and d, middle region; e, chalazal end region). (f)
Longitudinal sections of stage 11l from 24 mm fruits, (g) micropylar region of stage
Il ovule with the zygotic embryo (arrow represents the connecting tissue), (h-j)
magnified view of a different region of figure f (g, micropylar region; h, middle
region; i, chalazal region). CE - Chalazal end, EN — endosperm, ES - embryo sac, 1l
- inner integument, ME - micropylar end, NE - nucellar embryo, NU - nucellus
tissue, Ol - outer integument and ZE - zygotic embryo.
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Control

Plate 4.14a Effect of media and bio regulator combinations on direct somatic embryogenesis of in ovulo
explants in Kinnow mandarin.
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EM, x M, EM, x M, EM, x M,

Plate 4.14b Effect of media and bio regulator combinations on direct somatic embryogenesis of in ovulo
explants in Kinnow mandarin.
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Observations on the number of embryos per explant four months after embryo initiation
were significantly higher (46.93) on the DKW medium and less on Bs (20.27). Similarly, among
the PBR combinations, EM, yielded a significantly higher number of embryos (68.80) and less
on EMs (32.88). The interaction effect of the DKW x EM,4 combination induced significantly

higher number of somatic embryos (110.81) per explant than other combinations (Table 4.19).

Sub-experiment 2.4 Standardization of somatic embryo germination cum conversion
medium

Somatic embryo germination was examined by transferring three sets of somatic embryos
from ICM medium (SE;, SE; and SE3) onto six treatments (GM; to GMsg) of GCC medium.
Significantly higher somatic embryo germination (50.89%) was noticed in SE, embryos and low
germination (33.78%) was observed in SEs. A similar significant trend was also obtained on
GMj; treatment, which had higher embryo germination of 73.78%, however lower germination
percentage was noticed in GMs (20.44%) followed by GM, (25.33%). Furthermore, the
interaction effect of SE, x GMg3 had the highest germination frequency (86.67%) and was
significantly superior to the rest of the other interactions, but SE3 x GM; registered lowest result
of 10.67% (Figure 4.6b, Plate 4.15).

Precocious germination was observed (27.37 days) on SE, embryos and GM; (14.01
days) treatment, while it was delayed in SE; embryos (29.29 days) and GMs (61.64 days)
treatment. The duration of embryo germination was significantly influenced by the interaction
between ICM medium embryos and GCC medium treatments. However, statistical similarity was
observed for early germination in the interaction effect of all three sets of embryos on GM3 and
GM, treatments. The germination duration ranged between 13.64 to 15.69 days for the above
interactions. Germination was significantly delayed (65.74 days) in SE3x GMs interaction (Table
4.20).

In the present study, non significant response was observed in impact of ICM medium
because bipolar conversion efficiency was on par in all three somatic embryos. But the GCC
medium showed positive impact and significantly higher bipolar conversion ensued in GMj;
treatment (73.39%) of GCC medium and it has statistical parity with GM; (53.30%) and GM,
(62.21%). However, interaction between ICM medium embryos and GCC medium treatments

displayed statistical parity in bipolar conversion efficiency (Table 4.21; Plate 4.15).
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Table 4.20 Mean effect of media and growth regulator combinations on days to
germination in Kinnow mandarin

Basal media SE1 SE2 SE3 Mean**
GCC treatments
GM; 24.37% 24,237 25.38° 24.66
GM, 29.40" 28.94° 29.83¢ 29.39
GM; 14.02' 13.63' 14.37" 14.01
GM, 15.52%" 14.35" 15.69° 15.19
GMs 60.22" 58.97° 65.74° 61.64
GMs 24.21° 24.13" 24.76%" 24.36
Mean* 27.96 27.37 29.29
LSD (P< 0.05)
Treatment (T) 0.712
Medium (M) 0.503
Interaction (T x M) 1.233

* represent the media mean irrespective of treatments, ** represent the treatment mean

irrespective of media.

130



Table 4.21 Mean effect of media and growth regulator combinations on % bipolar

conversion in Kinnow mandarin

Basal media SE1 SE2 SE3 Mean**
GCC treatments
GM; 51.28 (45.67)®  56.04 (48.43)®  52.56 (46.40)®  53.30
GM; 12.22 (16.86)° 11.11 (11.73)° 11.11 (11.73)° 11.48
GM; 71.93 (57.95)* 80.01 (63.38)* 68.22 (55.60)* 73.39
GM, 67.86 (55.41)* 70.04 (56.77)* 48.74 (44.20)*  62.21
GMs 16.67 (14.97)° 23.33(28.60)°°  19.44 (21.72)° 19.81
GMg 20.63 (22.49)° 24.34 (29.48)°°  20.00 (21.90)° 21.66
Mean* 40.10 44.15 36.68
LSD P<0.05)
Treatment (T) 12.217
Medium (M) 8.660
Interaction (T x M) 21.213

Values in the parenthesis are arc sine transformed. * represent the media mean irrespective of

treatments, ** represent the treatment mean irrespective of media.
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Sub-experiment 2.5 Standardization of primary plantlet establishment and acclimatization

of emblings

Significant impact was observed on plantlet establishment when bipolar seedlings
transferred from GCC media onto PBR-free establishment media. Bipolar converted seedlings of
different germination medium showed non-significant differences. Among the PBR-free media,
it was significantly higher in the liquid medium (79.26%) in comparison to the solid medium.
The liquid medium also induced new leaf within a week with a delayed leaf emergence on the
solid medium. The interaction effect of the above two, i.e., seedlings of GCC combinations and
establishment medium, showed non-significance establishment frequency and the emblings were

ready for primary hardening within 45 days (Figure 4.6c, Plate 4.16).

Emblings from the liquid medium acclimatized well compared to those from the solid
medium. The mean survival percentage was significantly higher in the emblings raised from the
liquid medium (92.22%) as compared to the solid medium (50.00%). In comparison, during
hardening, significantly higher survival (78.33%) was recorded on the potting medium P; and
comparatively lower survival % was observed in P; (65.00%) which was on par with P;
(70.00%). The interaction effect of liquid medium x P; potting medium showed cent percent
plantlet survival and was significantly superior compared to other combinations, whereas solid
medium x P3 potting medium had poor survival (43.33%) (Table 4.21, Plate 4.17).

Similarly, leaf emergence was early in the emblings established on liquid medium (40.80
days) and was statistically superior compared to the observations recorded on leaf emergence in
emblings of solid medium (44.11 days). As regards the observation on leaf emergence in potting
media, it was significantly earliest (3 6.39 days) in Py potting medium followed by P, (45.33
days), the delayed response was observed in P3 (49.47 days). However, the interaction effect of
two factors, i.e., SE; x GM3 emblings of PBR-free establishment media and potting media,

revealed non-significant differences for days to new leaf emergence (Table 4.22).
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Table 4.22 Mean effect of hardening medium factors on acclimatization % and days to new leaf emergence in Kinnow

mandarin

% Acclimatization

Days to new leaves emergency

Emblings Liquid Solid Mean** Liquid Solid Mean**
Potting media
P, 100.00? (89.88)  56.66° (44.94) 78.33 35.26° 37.52° 36.39
P, 90.00° (48.77) 50.00° (68.76) 70.00 41.74° 45.33° 43.53
Ps 86.66° (71.47) 43.33 (41.09) 65.00 45.38° 49.46° 4742
Mean* 92.22 50.00 71.11 40.80 4411 42.45
LSD(P< 0.05)
Treatment (T) 2.784 1.027
Medium (M) 3.410 1.258
(T x M) 4.822 1.779

Data in columns represent mean of three replications and the values followed by same letter within a column are not significantly

different (P < 0.05). * represent the media mean irrespective of treatments, ** represent the treatment mean irrespective of media.
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Table 4.23 Mean effect of hardening medium and establishment factors on shoot and root length in Kinnow mandarin

Shoot length (cm) Root length (cm)

Emblings Liquid Solid Mean** Liquid Solid Mean**
Potting media

P1 7.53¢ 5.24¢ 6.39 16.08° 8.21° 12.15

P, 5.97° 4.23% 5.13 8.61" 7.34 07.98

Ps 5.61° 4.07° 4.83 5.06° 4.40° 04.74

Mean* 6.38 451 5.45 9.92 6.65 08.29
LSD(P<0.05)
Treatment (T) 0.250 0.665
Medium (M) 0.306 0.815
Interaction (T x M) 0.483 1.152

* represent the media mean irrespective of treatments, ** represent the treatment mean irrespective of media.
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Plate 4.15 Effect of somatic embryos transferred from ICM responsive treatments to GCC medium
treatments on somatic embryo germination in Kinnow mandarin
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Plate 4.16 Effect of solid and liquid media on plantlet establishment of various GCC treatments
germinated seedlings in Kinnow mandarin (a) liquid establishment medium and (b) solid
establishment medium
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Plate 4.17 Effect of liquid medium established plants on acclimatization in P1 potting medium cocopeat:
vermiculite: perlite (2:1:1) in Kinnow mandarin.
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Observations on shoot length indicated better shoot growth with significantly longer
shoots on liquid medium emblings (6.38 cm) than solid medium (4.51 c¢cm) and P, potting
medium (6.39 cm) than P3 potting medium (4.83 cm). The interaction effect between the liquid
and P; potting medium combination resulted in significantly longer shoots of 7.53 cm (Table
4.23) on the 60™ day, while solid x P, potting medium and solid x P5 potting medium had short

shoots of 4.28 cm and 4.04 cm respectively.

Finally, observations on root length were measured maximum in liquid medium (9.92
cm) than solid medium (6.53 cm) and P; potting medium (12.15 c¢cm) than P3 potting medium
(4.55 cm). The interaction effect of these two combinations also had significantly longer roots
(16.08 cm) on the 60™ day, while both liquid and solid medium established emblings had poor
root growth in P; medium (5.07 and 4.04 cm respectively) (Table 4.23, Plate 4.17).

b. Optimization of suspension culture technique for somatic embryogenesis from

integument derived embryogenic calli in Kinnow mandarin

Sub-experiment 2.6: Standardization of somatic embryogenesis induction medium for

integument derived embryogenic calli in Kinnow mandarin

Highest somatic embryogenesis frequency (93.33%) was observed in suspension
treatment SSM; (MS basal medium free from PBRs), whereas suspension medium SSM, had

reduced somatic embryogenesis frequency (13.33%) (Figure 4.7, Plate 4.18, 4.19).

Early somatic embryogenesis was also observed in SSM; (20.43 days) but it was delayed
by 62 to 65 days between treatments SSMg to SSMy, (Table 4.24). Within each embryogenic

responsive treatment, synchronized embryogenesis was observed.

Sub-experiment 2.7: Standardization of somatic embryo maturation medium for

integument derived embryogenic calli in Kinnow mandarin

Suspension derived embryos of SSM; were placed on various solid medium to test the
influence of embryo maturation from heart stage to cotyledonary stage. Few of the tested
treatments supported maturation, in that SSEM;; induced maximum (92.00%) somatic embryos

conversion into cotyledonary stage, while SSEM; showed minimum maturation response
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(82.67%). The non responsiveness includes hyperhydricity, browning and drying of inoculated
embryos (Table 4.25; Plate 4.20).

Somatic embryo maturation was the longest phase observed in the suspension based
somatic embryogenesis system. However, among the tested medium SEM;; took minimum
number of days (86.28 days) for maturation, while it was delayed to 172.02 days in SEMy
treatment (Table 4.25).

Sub-experiment 2.8: Standardization of germination medium for somatic embryos
obtained from integument derived embryogenic calli in Kinnow

mandarin

The SEM 1; derived matured cotyledonary somatic embryos transferred on to SGMsg
resulted in maximum germination (89.33%), it was minimum on SGMg (26.67%) (Table 4.26,
Plate 4.21). Germinated seedlings were established and acclimatized using the best treatment of
Sub-experiment 2.5 (Plate 4.22).

4.3 Experiment 3: Histological analysis of single cell origin of somatic embryos
Sub-experiment 3.1: Validation of single cell origin of DSE regenerants

Observations on inoculated ovules (complete removal of preexisting embryos at the time
of inoculation) in the somatic embryo ICM medium of DSE system revealed exciting results. A
distinct, actively dividing embryogenic cell with dense cytoplasm and a loose cellular
arrangement was seen in the micropylar region one and a half months of culture onto ICM
medium (Plate 4.23 A, B). The presence of subsequent developmental stages, i.e., globular, heart
and cotyledonary embryos were observed two months after inoculation (Plate 4.23 C-I). At the

same time, compact non-embryogenic callus growth was initiated from the outer integuments.
Sub-experiment 3.2: Validation of single cell origin of ISE regenerants

Frequent sampling of cells from the suspension indicated the occurrence of high
frequency of single cells 7 days after 2" subculture in the suspension. Further 20 days after
histological analysis of embryo formation confirms the single cell origin of embryos as

represented in the Plate 4.24.
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Figure 4.7 Effect of suspension media on somatic embryogenesis frequency in
Kinnow mandarin.
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Table 4.24 Effect of suspension media supplements on days to somatic embryogenesis in

Kinnow mandarin.

Treatment codes

Days to somatic embryogenesis

SSM1 20.43'
SSM2 44.00°
SSM3 60.67"
SSM4 26.44°"
SSM5 77.11%
SSM6 74.83%°
SSM7 29.44d""
SSM8 82.67°
SSM9 89.06°
SSM10 85.22°
SSM11 37.50%
SSM12 44,67
SSM13 0.00
SSM14 0.00
SSM15 0.00
Mean 44.80
LSD (P<0.05) 16.451
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Table 4.25 Effect of media supplements on somatic embryo maturation in

mandarin.

Kinnow

Treatment codes

% Maturation

Days to Maturation

SSEM1 0.00 (0.00) ° 0.00°
SSEM2 0.00 (0.00) ° 0.00°
SSEM3 0.00 (0.00) ° 0.00°
SSEM4 0.00 (0.00) ¢ 0.00°
SSEMS5 0.00 (0.00) ° 0.00°
SSEM6 0.00 (0.00) ° 0.00¢
SSEM?7 82.67 (65.42)° 174.02°
SSEMS8 86.67 (68.62)° 159.60°
SSEM9 0.00 (0.00) ¢ 0.00°
SSEM10 0.00 (0.00) ¢ 0.00°
SSEM11 92.00 (73.92) 86.28°
Mean 23.76 38.17
LSD (P<0.05) 2.692 3.16

Values in parentheses are arcsine transformed.
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Table 4.26 Effect of media supplements on somatic embryo germination in Kinnow

mandarin.

Treatment codes % Germination
SGM1 0.00 (0.00) °
SGM?2 0.00 (0.00) °
SGM3 0.00 (0.00) °
SGM4 0.00 (0.00) °
SGMS5 82.67 (65.53)"
SGM6 89.33 (71.01)
SGM7 0.00 (0.00) °
SGM8 0.00 (0.00) ¢
SGM9 26.67 (30.98)°

Mean 22.07

LSD (P<0.05) 3.352

Values in parentheses are arcsine transformed.
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Plate 4.18 Habituation and maintenance of embryogenic calli on hormone free MS media in Kinnow mandarin
(@) Mother plant at the time of explant collection, (b) Embryogenic calli of outer integument, (c)
Habituated embryvoaenic calli, (d) activated habituated calli.

144




Plate 4.19 Suspension culture of embryogenic calli on various treatments in Kinnow mandarin
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Plate 4.20 Effect of suspension culture on induction of somatic embryos in Kinnow mandarin
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Plate 4.21 Effect of various solid medium supplements on maturation of suspension derived embryos in Kinnow
mandarin
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Plate 4.22 Effect of standardized ISE protocols on germination (a), plantlet
establishment (b) and acclimatization (c) of suspension derived somatic
embryos in Kinnow mandariit48




Plate 4.23 Single cell regeneration ability of DSE system
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Plate 4.24 Single cell regeneration ability of ISE system
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Table 4.27 Details of amplification products obtained from ISSR markers in assessing clonal fidelity in Kinnow mandarin

plantlets.
SI. No. Primer Sequence information No. of amplified bands
1. UBC-807 AGAGAGAGAGAGAGAGT 12
2. UBC-808 AGAGAGAGAGAGAGAGG 10
3. UBC-811 GAGAGAGAGAGAGAGAC 6
4, UBC-812 GAGAGAGAGAGAGAGAA )
5. UBC-815 ACACACACACACACACT 10
6. UBC-827 ACACACACACACACACG 10
1. UBC-841 GAGAGAGAGAGAGAGAYC 11
8. UBC-855 TGTGTGTGTGTGTGTGRT 14
9. UBC-858 ACACACACACACACACYT -
10. UBC-864 ATGATGATGATGATGATG 6
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UBC-807 UBC-808 - UBC-812 UBC-825

L & 23 45 1. 23 4 5 1 23 4 5 1 2 3 4 51 23 4 5

UBC-827 UBC-841 UBC-855 ! UBC-864
L 123 4512345123435 4 51 23 4 5

Plate 4.25 Assessment of polymorphism of ISSR markers in various edible mandarins
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UBC-807 UBC-808
M V1V2 V3 V4V5 L M Cl1 C2C3 C4C5 M V1 V2 V3V4V5 L M Cl C2C3 C4 C5

UBC-812 UBC-825
M Vliv2 v3V4V5 L M Cl1 C2C3 C4C5 M V1l V2 v3Vv4 V5 L M C1 C2C3 C4 G5

UBC-827 UBC-841
M V1V2 V3 V4V5 L M Cl C2C3 C4C5 M V1 V2 V3V4V5 L M Cl C2C3 C4 C5

UBC-855 UBC-864
M Vliv2 v3 v4V5 L M Cl1 C2C3 C4C5 M V1l V2 Vv3Vv4 V5 L M C1 C2C3 C4 G5

Plate 4.26 Genetic fidelity testing of Kinnow DSE and ISE system derived plantlets,
M-mother plant, V1-V5 and C1-C5 are DSE and ISE system derived
plants.
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Experiment 4: Genetic fidelity assessment

Out of 10 ISSR markers screened, nine amplified the genomic DNA with reproducible
multiple bands, where UBC 811 was found monomorphic (Plate 4.25). The regenerated plants
showed a monomorphic profile with the mother plant (Plate 4.26). Among the eight markers,
UBC 855 produced the maximum of 14 reproducible monomorphic bands, followed by UBC 807
(12 bands), UBC 841 (11 bands), UBC 808 (10 bands), UBC 825 (10 bands) and UBC 827 (10
bands) (Table 4.27). The lower number of monomorphic amplification profiles was noticed from
UBC 812 (5 bands) and UBC 864 (6 bands) ISSR markers. Among the regenerants tested DSE
system derived plantlets showed uniformity in amplification as observed in mother plants, while
in ISE system UBC 864 and UBS 855 markers showed variability i.e., missing of bands present
in the mother plants, which shows the efficiency of selected markers on distinguishing
variabilities.

Experiment 5: In vitro Mutagenesis and LDz, determination

a. Gamma irradiation

Irradiation decreased the explant survival dose-dependently in both the embryogenesis
systems, i.e. DSE & ISE. In the DSE system, complete lethality was observed beyond 140 Gy,
whereas in ISE, it was registered beyond 100 Gy. However, probit analysis revealed the median
lethality range between 50-80 Gy. The LDso in DES and ISE systems was recorded at 65.75 Gy
and 54.31 Gy, respectively. Moreover, the plating experiment showed near parity with the FDA
test regarding reduction (56.79%) in relative growth rate (Table 4.28; Plate 4.27, 4.28, Figure
4.8). A biphasic effect was noticed in the DSE system, while the same was not observed in the

ISE system.

b. EMS treatment

To determine LDso unlike physical mutagenesis, two variables viz., concentration and
duration need to be tested for each dose of chemical mutagenesis. The effect of EMS differed
among the embryogenesis system. In DSE system % survival decreased with increasing doses
with respect to both concentration and duration. The LDso was observed in 0.31% concentration
and 5 hour treatment duration. This was observed between the tested treatments of E; and Es.
However, complete mortality of treated explants was observed in Eg (1.0% EMS concentration
and 5 hour duration) (Table 4.29, Plate 4.29, 4.30, Figure 4.9).
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Table 4.28 Effect of gamma rays on survival % of DSE and ISE system explants in Kinnow

mandarin

Gamma dose DSE system ISE system
Go 98.67 100.00
G 94.67 96.00
G, 88.00 82.67
Gs 49.33 38.67
Gy 45.33 20.00
Gs 18.67 10.67
Ge 9.33 0.00
G, 5.33 0.00
Gs 0.00 0.00
Mean 45.48 38.67

Table 4.29 Effect of EMS on survival % of DSE and ISE system explants in Kinnow

mandarin

Gamma dose DSE system ISE system
Eo 94.67 100.00
E; 92.00 98.67
E, 81.33 70.67
Es 77.33 0.00
E4 72.00 48.00
Es 65.33 42.67
Es 42.67 0.00
E; 68.00 34.67
Es 53.33 17.33
Eg 0.00 0.00

Mean 64.67 41.20

155



Dead explants

Plate 4.27 Effect of Gamma rays on survival % of in ovulo nucellus explants (DSE) in Kinnow mandarin
(representative images)
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Plate 4.28 Effect of Gamma rays on survival % of suspension calli clumps (ISE) in Kinnow mandarin
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Plate 4.29 Effect of EMS on survival % of in ovulo nucellus explants (DSE) in Kinnow
mandarin EMS indued dryed (a) and survived (b) explants
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Control-E0

Plate 4.30 Effect of EMS on survival % of suspension calli clumps (ISE) in Kinnow mandarin
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Figure 4.8 Probit analysis and LDs, for gamma irradiated DSE (a) and ISE (b) system explants

160



Probit

Probit Transformed Responses Probit Transformed Responses

RR? Linear = 0.700

R? Linear = 1

2.0
(o} 0.184
1.5
1.0 0.157
=
3
0.5+
3 o 012
y=-0.53+0.19"x
y=-6.68+1.94"x
0.0
o 0.0¢
0.5
o
0.067
1.0
T T T T T T 1 T 1
3.0 32 34 36 38 40 3.0 32 34
Log of PPM Log of PPM

3.6

Figure 4.9 Probit analysis and LD s, for EMS treated DSE (a) and ISE (b) system explants
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In ISE system, based on FDA test result, drastic disparity was observed in survival of suspension
derived calli clumps at each concentration and duration of EMS tested. Among the various
concentrations tested for 1 hour duration, EMS concentration of 0.54% revealed LDso and this
was observed between tested treatments of E; and E3. While the 50% lethality was observed for 3
hour at the concentration of 0.12%, this was noticed between E, and Es treatments. The 5 hour
treatment duration showed LDsg at 0.058% and was much below the tested concentration of E,
Es and Eg. However, complete mortality was observed with 1.0% concentration in all three
duration (Es, Eg and Eg). The reduction in relative growth rate of planting experiment was similar
to FDA result for cell clumps survival.

Experiment 6: Regeneration of mutants

a. Gamma irradiation

(i) Somatic embryogenesis efficiency

In the present investigation, embryogenesis decreased linearly with an ascending
irradiation dose. Overall ISE system registered the highest embryogenesis in control (94.67%),
while in the DSE system, it was 33.83%. The lower embryogenic response was observed in the
DSE system (8.84%) at 80 Gy and the ISE system (13.33%) at 100 Gy, but compared to DSE
(73.87%) embryogenesis witnessed a significant decrease in the ISE system (85.92%). In the
DSE system, the explants (in ovulo nucellus) survived up to 140 Gy, but beyond 80 Gy, the
embryogenesis was completely inhibited. It was also interesting to note that though the cell
aggregates of the ISE system didn’t survive beyond 100 Gy, embryogenesis was observed at all
non-lethal irradiation doses between 20-100 Gy (Table 4.30; Plate 4.31).

A contrasting dose-dependent effect was witnessed between DSE and ISE systems on
days to somatic embryogenesis. Although early embryogenesis was observed in the ISE system
(control) followed by 100 Gy, the embryogenesis was null beyond 100 Gy in both systems. At
selected doses of 80 and 100 Gy, the embryogenesis was delayed by 85.00 days in the DSE
system and was hastened by 47.33 days in the ISE system, respectively. The vice versa response
was noticed at lower irradiation doses of 20 Gy in the DSE system as it could stimulate an early
embryo induction by 7.84 days, while it was delayed by 113.31 days in the ISE system than
control with boosting effect on cell aggregates proliferation (Table 4.31; Plate 4.31).
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Table 4.30 Effect of gamma irradiation on somatic embryogenesis efficiency of both embryogenesis systems in Kinnow

mandarin
Regeneration system DSE ISE Mean**
Irradiation

treatments
Go 33.83°(35.57) 94.67%(76.65) 64.25
G 16.85% (24.23) 93.33%(75.04) 55.09
G, 13.66% (21.69) 48.00" (43.85) 30.83
Gs 10.90" (19.28) 33.33°(35.26) 22.12
Gs 8.849(17.30) 18.67% (25.60) 13.75
Gs 0.00" (0.00) 13.33%7(21.42) 6.67
Gs 0.00" (0.00) 0.00" (0.00) 0.00
Gy 0.00" (0.00) 0.00" (0.00) 0.00
Gs 0.00" (0.00) 0.00" (0.00) 0.00

Mean* 9.34 33.48 21.41

LSD (P<0.05)

Gamma dose (G) 1.767

Embryogenesis system (E) 0.833

Interaction (G x E) 2.499

Values in parentheses are arcsine transformed. * represents the row mean irrespective of column mean and ** represents the column

mean irrespective of row mean.
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Table 4.31 Effect of gamma irradiation on days to somatic embryogenesis of both embryogenesis systems in Kinnow mandarin

Regeneration system DSE ISE Mean**

Irradiation treatments
Go 56.91¢ 24.36' 40.63
eh 49.07" 137.67° 93.37
G, 54.56° 123.05" 88.80
Gs 77.67' 119.37° 98.52
Gs 85.00° 99.67¢ 92.33
Gs 0.00/ 47.33" 23.67
Ge 0.00/ 0.00/ 0.00
Gy 0.00/ 0.00/ 0.00
Gs 0.00/ 0.00/ 0.00

Mean* 33.08 61.27 48.59

LSD (P<0.05)

Gamma dose (G) 2.384

Embryogenesis system (E) 1.124

Interaction (G x E) 3.372

* represents the row mean irrespective of column mean and ** represents the column mean irrespective of row mean.
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Table 4.32 Effect of gamma irradiation on embryo production capacity of both embryogenesis systems in Kinnow mandarin

Regeneration system DSE ISE Mean**
Irradiation treatments
Go 107.59" 126.17° 116.88
G, 115.82° 446.89° 281.35
G, 103.67" 130.02° 116.84
Gs 97.83" 52.99% 75.41
Gy 91.67° 34.50% 63.08
Gs 0.00° 25.87% 12.93
Ge 0.00° 0.00° 0.00
Gy 0.00° 0.00° 0.00
Gg 0.00° 0.00° 0.00
Mean* 57.40 90.72 74.06
LSD (P<0.05)
Gamma dose (G) 34.199
Embryogenesis system (E) 16.121
Interaction (G x E) 48.36

Values in parentheses are arcsine transformed. * represents the row mean irrespective of column mean and ** represents the column

mean irrespective of row mean.
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Plate 4.31 Effect of Gamma on somatic embryogenesis of in ovulo nucellus explants (DSE) and suspension culture (ISE) in
Kinnow mandarin
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Synchronization of embryogenesis is the significant advantage of suspension-based ISE over the
DSE system. However, in the present study, significant dose-dependent synchrony was absorbed.
The same trend of linear reduction was observed on embryo production capacity in both the
embryogenesis systems with increasing irradiation doses. Embryo production capacity, although
higher at lower irradiation doses of 20 Gy, in both the DSE and ISE systems i.e. 8.3% and
254.17% over control, it was significantly reduced by 14.80% in the DSE system at 80 Gy and
by 79.50% in ISE system at 100 Gy (Table 4.32, Plate 4.31).
(i1) Germination and conversion efficiency

Despite the defined growth medium and stable culture condition, the dose-dependent
irradiation effect was noticed in embryo germination and conversion. Although the two-tailed t-
Test with unequal sample size indicated non-significant variation in germination %, germination
was significantly reduced at higher irradiation doses. Germination was recorded maximum in
both the systems in non-irradiated conditions (control) and at the lower dose of 20 Gy in DSE.
However, a dose-dependent decrease in germination % was witnessed in the DSE and ISE
systems at 80 (24.62%) and 100 Gy (13.46%), respectively. A significant time lag was observed
on days to embryo germination. It was early by 13.10 days in the DSE system (control)
compared to a nearly fifteen-day delay at 80 Gy. Conversely, the ISE system took almost 8.21
fold more time for embryo germination than DSE under control conditions, while at 100 Gy in
the ISE system, it was delayed by 4.35 fold as that of 80 Gy in DSE. Similar to the observations
on embryo germination, a dose-dependent significant irradiation effect was also noticed in the
bipolar conversion. In contrast to the control, it was reduced by 36.89% at 80 Gy in the DSE
system and 7.13% at 100 Gy in the ISE system (Table 4.33, Plate 4.32).
(iii) Mutant establishment and acclimatization efficiency

The irradiation dose and regeneration system significantly influenced plantlet
establishment and acclimatisation (P< 0.05). Compared to the control, in the DSE system, at 80
Gy the establishment frequency was reduced by nearly 18.00% and by 16.00% at 100 Gy in the
ISE system. Similar were the observations for acclimatization frequency, thus exhibiting a
reduction of 34.00% in DSE (80 Gy) and 61.00% in ISE at 100 Gy compared to the untreated
explants (control) (Table 4.34, Plate 4.33- 4.35).
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Table 4.33 Effect of gamma irradiation on somatic embryo germination among the embryogenesis systems in Kinnow

mandarin.

Embryogenesis systems % Germination Days to germination % Bipolar conversion
DSE System 79.47+10.24 (63.60) 21.35+6.79 64.54+12.48 (63.64)
ISE System 83.33£6.89 (66.22) 112.65+6.84 80.61£5.12 (63.95)
t-Test* 0.90 27.68 4.19

Mean data + standard deviation. Values in parentheses are arcsine transformed. * Two-tailed t-Test with unequal sample size.

Table 4.34 Effect of gamma irradiation on establishment and acclimatization frequency among embryogenesis systems in
Kinnow mandarin.

Embryogenesis systems % Establishment % Acclimatization
DSE System 53.46+5.29 (46.94) 82.48+4.08 (68.99)
ISE System 80.87+8.72 (64.48) 49.28+23.98 (44.54)
t-Test* 6.30 3.52

Mean data + standard deviation. Values in parentheses are arcsine transformed. * Two-tailed t-Test with unequal sample size.
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Plate 4.32 Effect of Gamma on somatic embryo germination of
DSE and ISE derived embryos in Kinnow mandarin
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Plate 4.33 Effect of Gamma on establishment of DSE and ISE system
regenerants in Kinnow mandarin
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Plate 4.34 Effect of Gamma on primary acclimatization of DSE and ISE system regenerants in Kinnow mandarin
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Plate 4.35 Effect of Gamma and EMS on secondary hardening of DSE and ISE
system regenerants in Kinnow mandarin
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4.6.2 EMS treatment

(i) Effect of EMS on somatic embryogenesis efficiency

Increase in both concentration and duration linearly reduced the embryogenesis
efficiency of both the systems. Although embryogenesis efficiency was highest (94.67%) in ISE
system (control), after EMS treatment it was interesting to witness embryogenesis in 0.1% EMS
concentration tested for 3 hour (53.33%) and 5 hour (13.33%). EMS concentration of 0.1% and
0.3% treated for 1 hour promoted callus proliferation, while it was suppressed in rest of the
EMS treatments tested. It is also to mention that, although lower embryogenesis efficiency was
observed in DSE system (36.65%) as compared to the ISE system, it was more efficient to
induce embryogenesis in almost all the EMS treatments except, Eg. The DSE system could also
resist higher EMS concentration (0.5%) as well as duration (5hr) and as compared to control
35% embryogenesis was observed. While the explants of ISE system showed high sensitivity to
EMS treatment and the embryogenesis was observed to be 43.67% at 0.1% EMS for 3 hour
(43.67%) (Table 4.35, Plate 4.36, 4.38).

Days to embryogenesis was not affected in DSE system at lower concentrations (0.1% —
0.5%) and treatment durations of 1-3 hour (Eo-Es). However, it got delayed at higher
concentration of 1.0% when exposed for >3 hours. Embryogenesis was delayed by 18.92 and
48.10 days in DSE and ISE at selected dose rate of Eg and E4 respectively. As expected dose
dependent embryogenesis synchrony was only observed in ISE system.

Embryo production capacity decreased at > 0.3% in 3hr as well as at all the concentration
of 5 hr as compared to rest of the other treatments. At the selected dose rate of Eg in DSE
system, embryogenesis capacity reduced to 23.29%, whereas it was highly suppressed by
59.49% in ISE system at E4 (Table 4.36). Based on LDs, and its embryogenesis efficiency Eg of
DSE and E, of ISE were selected to test the efficiency of embryogenesis system for EMS

mutagenesis.
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Table 4.35 Effect of EMS on somatic embryogenesis efficiency of both embryogenesis systems in Kinnow mandarin

% somatic embryogenesis

Regeneration system DSE ISE Mean**
Irradiation
treatments
Eo 36.65° (37.20) 94.67%(76.73) 65.66
E. 27.51°(31.59) 0.00"(0.00) 13.75
E, 24.52% (29.58) 0.00"(0.00) 12.26
= 24.21% (29.40) 0.00" (0.00) 12.11
E, 22.06°(27.91) 53.33" (46.85) 37.70
Es 16.42" (23.76) 0.00" (0.00) 8.21
Es 9.448 (17.86) 0.00"(0.00) 472
E; 15.60" (23.18) 13.337(21.34) 14.47
Eg 12.64"9 (20.54) 0.00"(0.00) 6.32
Eq 0.00" (0.00) 0.00" (0.00) 0.00
Mean* 18.91 16.13 17.52
LSD (P<0.05)
Treatment (T) 1.767
Regeneration system (M) 0.833
Interaction (T x M) 2.499




Table 4.36 Effect of EMS on somatic embryogenesis capacity of both embryogenesis systems in Kinnow mandarin

No. of somatic embryos

Regeneration system DSE ISE Mean**

EMS treatments

Eo 110.58¢ 126.17° 118.38
E, 111.30¢ 0.00' 55.65
E, 113.60% 0.00' 56.80
E; 116.23° 0.00' 58.12
E, 121.53° 51.11" 86.32
Es 123.83% 0.00' 61.92
E¢ 69.67¢ 0.00' 34.83
E, 95.67¢ 13.36' 54.51
Esg 84.83' 0.00' 42.42
Eo 0.00' 0.00' 0.00
Mean* 105.25 21.18 63.22
LSD (P<0.05)

Treatment (T) 2.384

Regeneration system (M) 1.124

Interaction (T x M) 3.372
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Plate 4.36 Effect of EMS on somatic embryogenesis efficiency of DSE system in
Kinnow mandarin
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Plate 4.37 Effect of varius EMS doses on somatic embryogenesis ability of DSE system in Kinnow mandarin
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Plate 4.38 Effect of EMS on somatic embryogenesis efficiency of ISE system in Kinnow mandarin

178




Plate 4.39 Effect of EMS on somatic embryo germination on DSE (a) and ISE (b) system in Kinnow
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DSE system 0.1% EMS treated for 3 hour (E,) DSE system 0.5% EMS treated for 3 hour (Ey)

Plate 4.40 Effect of EMS on establishment of DSE and ISE system regenerants in Kinnow mandarin
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Table 4. 37 Effect of EMS on somatic embryo germination among the embryogenesis systems in Kinnow mandarin.

Embryogenesis systems % Germination Days to germination % Bipolar conversion
DSE System 68.74+18.70 (56.93) 11.70+0.58 68.40£10.64 (58.08)
ISE System 85.3314.84 (67.76) 108.67 £2.30 82.79£2.44 (63.95)
t-Test* 3.60 83.98 6.05

Mean data + standard deviation. Values in parentheses are arcsine transformed. * Two-tailed t-Test with unequal sample size.

Table 4.38 Effect of EMS on establishment and acclimatization frequency among embryogenesis systems in Kinnow

mandarin.
Embryogenesis systems % Establishment % Acclimatization
DSE System 55.83+5.29 (48.41) 91.30£13.95 (79.91)
ISE System 85.87+4.19 (68.15) 60.26+13.16 (51.11)
t-Test* 6.12 9.60

Mean data + standard deviation. Values in parentheses are arcsine transformed. * Two-tailed t-Test with unequal sample size.
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in Kinnow mandarin
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Plate 4.41 Effect of EMS on acclimatization of DSE and ISE system regenerants




(if) Germination and conversion efficiency

Germination was highly suppressed by EMS in DSE system. In comparison to control
germination was reduced by 46.12% (Esg) in DSE while only 8.90% reduction was observed in
ISE system. The days to germination although was not affected by the EMS treatments, a delay
of 97.78 day was observed in ISE compared to DSE system. Bipolar conversion efficiency was
relatively higher in ISE system at selected dose rate of E4 and was not affected by EMS, while it
was reduced to 22.76% in Eg of DSE system (Table 4.37; Plate 4.39).

(iii) Mutant establishment and acclimatization:

Establishment efficiency with respect to the EMS treatments consequent upon
germination showed better establishment in ISE system (95.63%) in comparison to DSE system
i.e., 74.15%. Although establishment per cent was reduced in the DSE system, plantlet recovery
was higher than the ISE system (Table 4.38; Plate 4.35, 4.40 and 4.41).

4.7. Morphological validation of plantlets derived after in vitro mutagenesis
a. Gamma irradiation
(i) Growth parameters of Gamma irradiated variants

Growth related parameters, i.e. mean shoot length, root length and the number of leaves/
plant, showed a linear decrease with increasing irradiation doses in both the embryogenesis
systems. At 80 and 100 Gy, root length was severely inhibited in both the DSE (61.00%) and the
ISE (67.29%) systems, while shoot length was reduced to 36.76% in DSE and 30.19% in ISE
systems. However, the number of leaves/regenerant was significantly reduced to 41.84% in DSE
and 5.03% in the ISE system compared to the control. At a lower dose of 20 Gy, enhanced
growth was observed in the DSE system. Chlorophyll-deficient plants were observed to be <
10% at the selected doses. Complete albino plants and plants containing all the leaves with
similar mosaic pattern confirms the regeneration of plants from single mutated cell and thus
fulfill the objectives of solid mutant induction. The defects in shoot formation (root only
conversion), root formation (shoot only conversion), reduction/increase in leaf size or leave
thickness or shoot/root thickness or shoot length/root length, altered leaf angle, canopy spread,
branching habit, multiple shoots and roots induction were the type of abnormalities commonly

observed among the mutants in both the embryogenesis systems (Table 4.39; Plate 4.42).
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Table 4.39 Effect of gamma irradiation on growth related parameters of M; population derived from DSE and ISE system in

Kinnow mandarin

Embryogenesis Shoot length _
Root length (cm) No. of leaves % Albino plants
systems (cm)
DSE System 6.46+2.15 14.20+5.33 7.56+2.13 2.40+3.31 (5.60)
ISE System 7.31+£1.72 11.28+6.38 8.92+0.55 1.33+£2.07 (3.85)
t-Test* 0.95 0.99 2.29 0.57

Mean data + standard deviation. Values in parentheses are arcsine transformed. * Two-tailed t-Test with unequal sample size.

DSE- Direct somatic embryogenesis, ISE- Indirect somatic embryogenesis

Table 4.40 Effect of EMS on growth related parameters of M; population derived from DSE and ISE system in Kinnow

mandarin
Embryogenesis Shoot length _
Root length (cm) No. of leaves % Albino plants
systems (cm)
DSE System 7.92+1.15 15.68+3.24 8.96+1.03 30.1246.01
ISE System 8.01+2.58 12.16+8.15 9.26+1.47 19.14+3.04
t-Test* 2.13 1.34 2.67 1.20

Mean data + standard deviation. Values in parentheses are arcsine transformed. * Two-tailed t-Test with unequal sample size.

DSE- Direct somatic embryogenesis, ISE- Indirect somatic embryogenesis
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(if) Phenomics based validation of variability gamma irradiation induced variability

The Dendorgram of 12 regenerants constructed based on seven quantitative digital data
(Table 4.41) exhibited morphological variability in regenerants, as depicted in Figure 4.10. The
regenerants were clustered into two major groups. In group I, DSE system control was found to
be distinct from two other DSE system-derived mutants i.e., MG; and MG,. The remaining nine
regenerants, including ISE system control, were clustered into group Il. However, group Il was
further divided into two subgroups. Subgroup | consists of five mutants in which MGs of the
ISE system was morphologically different from the other 4. However, those four also separated
into independent individuals in 3 small groups with MG3 of DSE and MGy, of ISE as one and
distinct from the other two small groups containing MG, of DSE and MG 1, of ISE, respectively.
In subgroup 11, MGs derived from DSE separated themselves into a small group from the other
three ISE system-derived regenerants, including control. The control of ISE, which formed a
distinct cluster along with MGy3 and GM3;, was separated into a small group. Hence, individuals
obtained after irradiation showed distinct morphology compared to the control. It was also
interesting to witness that all the regenerants, including ISE system control, differed from DSE
system control. The findings thus suggest the occurrence of somaclonal variation in the ISE

system independent of irradiation.

b. EMS treatment
(i) Growth related parameters of EMS induced mutants

The mean shoot length, root length and number of leaves per plant decreased with
increasing dose of EMS in both the embryogenesis systems. At E8 and E4, root length was
severely inhibited in both DSE (89.00%) and ISE (91%) systems, while shoot length was
reduced to 62.13% in DSE and 71.34% in ISE systems. Number of leaves/regenerant was
significantly reduced to 56.12% and 35.03% in DSE and ISE system as compared to control of
each system. At lower concentration of EMS, enhanced growth was observed in DSE system.
Chlorophyll deficient plants were observed to be > 30% at the selected EMS doses. Complete
albino plants and plants containing all the leaves with similar mosaic pattern confirms the
regeneration of plants from single mutated cell and thus fulfill the objectives of solid mutant
induction. The defects in shoot formation (root only conversion), root formation (shoot only

conversion), reduction/increase in leaf size or leave thickness or shoot/root thickness or shoot
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length/root length, altered leaf angle, canopy spread, branching habit, multiple shoots and roots
induction were some of the abnormalities observed among the mutants in both embryogenesis
systems (Table 4.40, Plate 4.43).
(it) Phenomics based validation of EMS induced morphological variability

Randomly selected phenotypes of M; population derived from two different
embryogenesis systems after EMS treatment, including control were clustered into two groups.
Group | consist of 5 phenotypes, which includes DSE derived ME,, MEs and others are non-
treated control (Cy, C; of DSE and Cy of ISE). However, they all were further separated and
sub-grouped into individual phenotypes. Group Il however, includes the other phenotypes
derived from selective EMS doses of ISE and DSE systems. Two DSE system phenotypes
ME;and ME3; were sub-clustered from sub-group I of group Il, whereas the same sub-group |
divided into sub-cluster Il with an ISE derived single phenotype ME;3. Likewise, sub-group 11 of
group Il formed three small clusters viz., ME,4 in the first group followed by ME;; and ME;s in
second group while MEj, and MEy4 in cluster 1Il1. Conclusively, the results of morphological
validation illustrate the phenotypic variability created by EMS among the individuals (Table
4.42, Figure 4.11).

4.8 Molecular marker validation
a. Demarcation of Gamma induced mutants

Molecular validation using 196 markers obtained from ISSR, RAPD and SSR primers
revealed that all the randomly selected regenerants in both DSE and ISE systems were
independent variants and genetically different from the mother plant. All the samples subjected
to cluster analysis were grouped into two major groups at a similarity coefficient of 0.77. Group |
comprised the mother plant and all the variants derived from the DSE system, whereas group 1l
comprised the variant derived from the ISE system. The results demonstrated the DSE system's
efficiency in maintaining genetic purity and responsiveness to irradiation-induced changes.
Similarly, in the ISE system, irradiation was effective, and the obtained regenerants were
genetically different from the mother plants. However, the influence of the culture system on
inducing variation could not be excluded. Group | was subdivided at a similarity coefficient of
0.81 and included DSE-derived variants G; to Gz and the mother plant in subgroup 1. While
subgroup Il consists of G4 and Gs variants. Similarly, group Il was subdivided into two sub-

groups consisting of all ISE-derived variants in subgroup | except Gss which was separated into
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subgroup I1. Further, small subgroups from major subgroups showed that each individual was
distinct and different from the others and the mother plant. Although the above results
differentiated the individuals but based on the amplification profile, it can be understood that
only RAPD and SSR can efficiently differentiate the individuals (Figure 4.12)

b. Demarcation of EMS induced mutants using molecular marker

The amplified banding pattern related scoring data revealed that except control all the
regenerants obtained after selective EMS treatments were solid mutants. All the samples
subjected to cluster analysis were grouped into two major groups at similarity coefficient of 0.73.
Group | comprised mother plant and all the variants derived from DSE and ISE systems except
one DSE derived mutant E; which is separated from all the other variants and clustered into
group II. Group | was further subdivided into 7 sub groups. Except control other mutants derived
from both the system were genetically different from each other. Among the mutant individuals
tested E; and Ess are distantly related. Although above results differentiated the individuals, but
based on amplification profile, it is clear that only RAPD and SSR can efficiently differentiate
the individuals (Figure 4.13).
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Table 4.41 Effect of Gamma rays on morphology of M; mutants in Kinnow mandarin

Regenerants | Convexel Top Convexel Side Leaf Area Top | Leaf Area Side Digital Plant height | No. of

View (CH-TV) [ View (CH-SV) [ View (LA-TV) | View (LA-SV) | Biomass (BM) (cm) leaves
Co 248029 60143 185725 26179 187560.97 6.670 27
G 311398 41237 236995 23031 238111.44 4.393 19
G, 319734 51525 200636 29084 202733.04 4,991 15
Gs 64085 36707 50146 14218 52122.67 4.692 9
G, 96117 13235 51556 7179 52053.43 4.623 4
Gs 247298 14795 130871 6698 131042.29 3.197 15
Coo 169265 13210 97406 7129 97666.53 2.645 13
Gn 116238 23462 79460 10881 80201.54 3.634 17
G 49392 13454 36671 7917 37515.88 4.048 13
Gi3 166375 30205 109771 19051 111411.91 4,922 26
Gy 61357 22775 45097 11291 46488.99 3.933 8
Gis 21242 4874 9939 1869 10113.20 1.863 7
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Table 4.42 Effect of EMS on morphology of M; mutants in Kinnow mandarin

Regenerants | Convexel Top [ Convexel Side | Leaf Area Top | Leaf Area Side Digital Plant height | No. of
View (CH-TV) [ View (CH-SV) | View (LA-TV) | View (LA-SV) | Biomass (BM) (cm) leaves
Co 324159 94189 217250 30352 219359.99 8.763 12
C, 243666 44733 169147 22854 170683.96 7.13 12
E; 54558 39091 32838 13653 35563.16 5.451 6
E. 194535 17423 146186 6366 146324.55 3.795 6
Es 71721 55673 39453 30202 49686.01 8.234 13
E4 28027 18603 17322 8711 19389.00 3.772 5
Es 253188 9200 190532 3052 190556.44 2.714 8
Coo 169265 13210 97406 7129 97666.53 2.645 5
Ey 35038 6754 23448 4028 23791.46 2.162 10
E1 13436 3478 9141 2097 9378.45 2.346 7
Eis 77405 23199 47232 7031 47752.45 4.393 10
E 13421 5779 7612 2136 7906.01 3.197 5
Eis 33324 5785 27620 2698 27751.46 2.162 14
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Figure 4.11 Dendrogram on EMS induced morphology of M; mutants in Kinnow mandarin
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Plate 4.44 Phenomics images of gamma variants in Kinnow mandarin
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Figure 4.12 Dendrogram on Gamma rays induced genomic changes of M; mutants in Kinnow mandarin
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Figure 4.13 Dendrogram on EMS induced genomic changes of M; mutants in Kinnow mandarin
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5. DISCUSSION

The golden juicy fruit ‘Kinnow’ introduced from California, owing to its bountiful
harvest and high quality fruits have revolutionized the citrus industry of India (Khan, 2007)
particularly western part of the Indian subcontinent. Despite the various positive attributes, this
golden fruit could not make much dent in the processing sector due to higher number of seeds
and its delayed bitterness (Goush, 2007) during juice processing. To overcome the limitations,
citrus researchers around the globe are focusssing on developing seedless varieties via intensive
breeding of which intensive research is being carried out in Kinnow mandarin in India using
various improvement approaches (Mallick et al., 2016, Singh et al., 2022, Kumar et al.,2023
Theivanai et al., 2022, Theivanai et al., 2022a and Theivanai et al., 2023). Attempt on
identification of seedless Kinnow through conventional breeding approaches couldn't make a
much break through because of the quantitative inheritance and environmental influence. In a
heterozygous perennial fruit crop like Kinnow there is an urgent need to speed up the breeding
programme through precise advanced techniques for achieving the desired traits like reduced
seed number per fruit. This paved the path for induced mutagenesis using physical and chemical
mutagens with varying degree of success because of its proven ability on seedlessness induction
in citrus (Roose and Williams, 2005; Vardi et al., 2008).

Induced mutagenesis although have resulted in putative mutant population, comprising of
reduced seed number and plant height phenotypes (Malick et al., 2016; Kumar et al., 2021), the
researchers faced the problems on occurrence of chimera, difficulty on large population handling
and loss of mutants under field condition. To overcome the hurdles researchers focused on
alternative approaches such as in vitro induced mutagenesis, which can conjugate the advantage
of induced mutagenesis through tissue culture for obtaining homo-histonts (solid mutants). Early
identification of variability through advanced phenomics and genomics tools further enhance the
breeding efficiency and therefore speed up breeding programme (Ahloowalia et al., 1998;
Predieri 2001; Predieri and Virgilio, 2007; Penna et al., 2012; Mba et al., 2013; Holme et al.,
2019).

In citrus solid mutant induction through in vitro induced mutagenesis is in progress since

1970s but favorable results are not documented. The major hurdles faced are non availability of
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high frequency single cell regeneration protocol, lack of reproducibility, insufficient population
recovery, incapability of producing true-to-the-type genetically stable regenerants, lack of
protocol for early identification of variants. Hence the present investigation on “In vitro
mutagenesis and validation of mutants using molecular markers in Kinnow mandarin” was
proposed to standardize the reproducible protocol in Kinnow mandarin. The investigation was
carried out on three major aspects i.e., in vitro regeneration, in vitro mutagenesis and validation
of the obtained regenerants. The salient findings are discussed in this chapter under the following

heading and sub headings.
5.1 In vitro regeneration

Solid mutants can be easily induced by creating variability at cellular level and regenerate
into whole plant. For single cell regeneration of plantlets, the cellular totipotency techniques such
as indirect organogenesis and somatic embryogenesis are the commonly applied techniques in
different plant species (Bhojwani and Razdan, 1996; Jain and Gupta, 2005). Hence amenability
of these two techniques on high frequency in vitro generation of Kinnow mandarin was studied

and the findings of the study are discussed below

Experiment 1: Assessment of indirect organogenesis ability of explants representing
different maturity stages in Kinnow mandarin

The explants used in citrus are categorized into juvenile, vegetative and reproductive

tissues. This section of the experiment discusses the amenability of different tissues on high

frequency indirect organogenesis.

a. Vegetative tissues

The nodal explants preferred in this study to regenerate in vitro micro-shoots using
published protocols of Mukther et al. (2005) and Sharma et al. (2012) resulted in poor in vitro
response which may be due to higher etylene evolution, microbial contamination, genotypic
effect, physiological status of the explant and non responsiveness of the supplemented media.
Similar were the observations of Oliveira et al. (2010), Navarro-Garcia et al. (2016) and Tallon et
al. (2012) in various citrus species using mature tree nodal segments. Refinement in regeneration

of nodal segments was therefore attempted.
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(i) Decontamination of nodal segment explants

Among different surface sterilant tested for tender (E;) and softwood (E) nodal segments,
the treatment SS, resulted in maximum survival and minimum mortality. Similar were the
response in semi hardwood (E3) and hardwood (E4;) explants in SHi3. The positive effect of
microbial elimination and high explant survival correlates well with asepsis efficiency of chosen
set of disinfectant combinations. Further, the coincidence of the tender and softwood nodal
segments maturity stages with warm climate and semi hardwood and hardwood nodal segment
with cool season revealed its differential requirement. The findings of the study i.e., seasonal
dependent severity on contamination and the impact of explant collection duration are in line
with the findings of Giladi et al. (1979) and Eed et al. 2010) in citrus cultivars. As regards the
disinfectant combination, higher concentrations of disinfectants and long treatment duration
reduced the contamination and resulted in higher percentage of aseptic cultures. The observed
result on high efficiency bud break and shoot emergence, clearly reflects the harmless effect of
sterilants used in the study and could be recommended for aseptic culturing of nodal segments.
The present result validate the findings of Al-Khayri and Al-Bahrany (2001), Eed et al. (2010),
Savita et al. (2012), Sharma et al. (2012 and Tallon et al., 2012 in different citrus species who
reported the positive effect of NaOCI, HgCl, and ethanol either alone or in combination with
varying concentration of 0.1% to 4% and duration of 30 sec to 20 min. The disinfectant
combination in the present study showed about >80% aseptic culture efficiency which is superior

than the earlier reported combinations.

(it) Micro-shoot regeneration through direct shoot organogenesis

The nodal segments representing various maturity stages were subjected to direct shoot
organogenesis. Significant shoot emergence was achieved in matured hardwood nodal explants of
Kinnow mandarin compared to other growth stages. This favorable effect of hardwood explants
might be due to the presence of preexisting meristem and endogenous reserves for competency
and are in consonance with the findings of Zambre et al. (2001) and Marques et al. (2009). In
citrus, matured dormant bud stick cultured in vitro is the source of scion for shoot tip grafting.
Hence, hardwood explant may be the better option for early primary shoot emergence in Kinnow
mandarin. This is in contrary to the hypothesis of Durzan (1990), Tavano et al. (2009) and Yaldiz
(2012) that regeneration capacity decreased when matured explants were used for culture
initiation.
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The data on per cent shoot emergence and leaf unfolding efficiency of hardwood collected
during February was notably higher on MS and MT media over DKW media. However,
premature abscission (shoot and leaves detachment) was noticed in newly emerged shoots
invariably on all the media and explant tested, which was not reported in any of the earlier studies
in Kinnow mandarin. Lower response of primary shoot emergence on DKW medium may be due
to the lower availability of macro nutrients (Cohen, 1954; Tallon et al., 2012; Navarro-Garcia et
al., 2016). These observations point out the requirement of nutrients from MS basal medium
along with endogenous substances of hardwood explant to support primary shoot growth in
Kinnow mandarin. Favorable effect of MS media on in vitro nodal explant culture of citrus have
been reported in lime (Al-Khayri and Al-Bahrany, 2001), Kinnow (Sharma et al., 2012),
Calamondin, grapefruit, sweet orange (Marutani-hert et al., 2011) and Australian finger lime
(Mahmoud et al., 2020). The occurance of premature abscission invariably in all the maturity
stages and media composition may be implicated with the exogenous and endogenous factor
related to ethylene biosynthesis. Literatures on premature abscission of various maturity stages
and media composition have not been reported by the earlier researchers expect the protocol of
Theivanai et al., (2022).

Among the PBR tested, BAP and GAj3; showed a positive effect on primary shoot
regeneration of Kinnow nodal explants either alone or in combination. However, varied response
was observed based on their concentrations and combinations. Cytokinin BAP showed superior
performance over other PBR on shoot multiplication. Interestingly BAP supported primary
growth by producing more micro-shoots with green, thick shoots of normal leaf. This result is in
accordance with the findings of Sharma et al. (2012) in Kinnow and Goswami et al. (2013) in
lemon. In addition, BAP and GA combinations showed positive effect on per cent bud break and
shoot regeneration efficiency at lower concentrations which confirms the finding of Perez-
Tornero et al. (2010) in lemon and Tallon et al. (2012) in citrus rootstocks. Addition of GA3 at
higher concentration (10 mg L™) improved primary shoot regeneration by inducing early bud
break and shoot emergence along with elongated green thick shoots having more number of
normal leaves. However, hyperhydrisity due to higher concentrations as a problem have been
reported in Ficus carica, Cytisus aeolicus, Lemon, sour orange and Cleopatra mandarin (Fraguas
et al., 2004; Perez-Tornero et al., 2010 and Tallon et al., 2012) was not noticed in the present
study. In our study GA3 at higher concentration might have supported the growth. This signifies
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the favorable function of GA on cell division and organogenesis with its role in cell elongation by
interaction with endogenous growth substances. Observation on abscission rate in the present
study showed delayed abscission in Gg treatment (4 weeks after culture initiation) compared to
other combination. Also the leaf drop did not take place, but shoots got detached at the apical
region while in other treatments severe abscission was observed at all the abscission zones within
one or two week after the shoot initiation. Interestingly, early subculture of Gg microshoots on the
same medium composition did not initiate abscission if shoots are subcultured with mother tissue
which shows the influence of GA3z on shoot proliferation (Kotsias and Roussos 2001; Perez-
Tornero et al., 2010 and Tallon et al., 2012 ). However BAP induced substantial multiple shoots
but severe abscission was noticed invariably on all the concentrations and combinations used.
Occurrence of premature abscission is recently reported in many Citrus species (Marutani-Hert et
al., 2011; Eng et al., 2015; Navarro-Garcia et al., 2016; Mahmoud et al., 2020). To control

premature abscission silver supplementation in the media was attempted.
(iif) Premature abscission control

Pre mature abscission observed in the present study have also been reported in citrus by
several researchers who reported accumulation of gaseous ethylene inside the closed culture
vessels and the primary cause for abscission (Marutani-Hert et al., 2011; Eng et al., 2015;
Navarro-Garcia et al., 2016). Addition of ethylene biosynthesis inhibitors/modulators in the
culture medium to prevent abscission has been attempted in certain Citrus species recently to
prevent pre mature abscission (Mahmoud et al., 2020, Theivanai et al., 2022). Among the various
ethylene biosynthesis inhibitors/modulators AgNO3; and STS are studied frequently in citrus
species and given positive results. Although, AgNO; and STS had positive influence on
abscission frequency in Kinnow mandarin STS was comparatively superior to AgNOj3. The mode
of action of silver ions on ethylene inhibition was not understood fully but involvement of silver
ions on the blockage of ethylene receptors have been hypothesized by Mahmoud et al. (2020).
Similarly in the present study 5.0 mg L™ STS was found to control abscission along with
enhanced growth while further increase in STS concentration controlled abscission but reduced
the shoot growth. This shows the need of optimum concentration of silver ion and ability of STS
on enhanced supply of Ag” ion through thiosulfate. This result corroborates with the findings of
Mahmoud et al. (2020) in finger lime and Navarro-Garcia et al. (2016) in Lemon. However, it
was contrary to the finding of Marutani-Hert et al. (2011) in grapefruit and Eng et al. (2015) in
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Citrus hystrix where AgNO3 have been reported to control leaf abscission. This shows the species
specificity for requirement of particular silver compound. In Kinnow mandarin AgNO; induced
stunted growth and additionally AgNOj3 supplemented media turn brown within 48 hours when
kept under light and the intensity parallelly arose with the rise in concentration (Theivanai et al.,
2022). Similar were the experiences of Mahmoud et al. (2020) in citrus due to the formation of
silver chloride precipitate with culture medium components. This may be the reason for reduced
ability of AgNos on ethylene control (Plate 5.1).

(iv) Callogenesis response of internodal segments

Internodal segments obtained from in vitro micro-shoots when subjected to indirect
organogenesis via callogenesis did not induce callus on either strong (2,4-D) or weak (NAA)
auxins. The combination of auxin with organic additives (cytokinin and amino acid rich) also did
not induce callus, instead turned brown and dried. Although internodal segments have been
successfully regenerated in pummelo and lemon (Chaturvedi and Mitra, 1975; Duran-Vila et al.,
1989; Chaturvedi et al., 2001), the poor response on callus induction in Kinnow mandarin may be
due to the genotype and explant specific effect on regeneration as reported in citrus and other
woody perennials (Barlass and Skene, 1982; El-morsy and Millet, 1996; Nhut et al., 2003;
Rodriguez and Vendrame, 2003; Geneve et al., 2007). Hence the study was extended further to
investigate the indirect organogenesis ability of juvenile and reproductive tissues.

b. Juvenile tissue

Juvenile tissues are reported to have high regeneration ability due to their active cell
growth and reduced level of inhibitory substances like phenols. In citrus several studies are
available on utilization of epicotyl segments obtained from seed as starting material. Hence in the
present investigation, influence of various seed maturity stages (150 days to until fruits available
in the tree) on in vitro seed germination was studied along with the indirect organogenesis ability
and the findings discussed below.
(1) In vitro seed germination

In vitro seed germination study carried out at different stages of seed maturity revealed
interesting results. At stage 1 i.e., in the non-desiccated seeds, cent % germination was achieved
when the barrier of integument was released by complete removal of inner and outer integument

(C1) or giving vertical cut at the chalazal end (C3). Among the media except potting medium (My)
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Plate 5.1 Nodal segment direct organogenesis protocol
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remaining all artificial media supported germination by providing essential nutrients. The seed
maturity stage Il and Stage 111 revealed cent % germination in all the type of inoculation methods
when inoculated on artificial nutrient media except in potting medium, where the germination %
was slightly reduced even when interacting with other factors. The essentiality of artificial
nutrient medium and seed coat removal for 100 % in vitro germination of mature and immature
seeds has been emphasized in citrus and other woody perennials (Niedz, 2008; Tar et al., 2018;
Dincer et al., 2023). The reduced seed germination efficiency in potting medium can be
correlated with the fact that the potting media do not have nutrients to support the germination of
non desiccated immature seed. Contrarily, the matured seeds although contain readily available
seed storage reserves, the dependency of seed on supplemented medium for moisture and other
essentialities correlates with the result. Seed germination efficiency in citrus has been reported to
be highly influenced by seed maturity, presence of integuments and nutritional status of seed
(Filho et al., 2002; Mendes et al., 2008; Barmore and Castle, 1979; Albrigo et al., 2019).

The removal of seed coat by physical means is a difficult task in citrus because of
mucilaginous nature. However, in the present study NaOCI pretreatment improved the
permeability of seed coat and facilitated easy removal of seed coat in transitional and fully
desiccated seeds. The improved seed coat permeability by the NaOCI pretreatment has been
suggested in many woody plants (Lee et al., 2005; Mweetwa et al., 2008; Niedz, 2008). Hence
the result observed can be best utilized as protocol for getting seedlings all over the year.

Observation on days to germination varied between 3 to 25 days among the tested factors.
Removal of both integuments either by physical or chemical means resulted in early germination
in all three seed maturity stages. The above treatments hasten the germination in transitional stage
seeds (S;) and fully desiccated seeds (S3) within 3-4 days on artificial medium. However, in non
desiccated seeds (S;) the duration required for germination was nearly doubled even on the
artificial medium supplements (~6 days). The ability of cells to observe the nutrients and
moisture after seed coat removal and subsequent activation of seedling morphogenesis cascade at
physiological and molecular level must have enhanced the germination (Filho et al. 2002 and
Niedz 2008).

Number of vigorous nucellar seedlings/seed varied between 2 - 9 while in non desiccated
seeds, number of seedlings varied between 2-4 when the seed coats were disturbed by C; and Cj

inoculation methods and successive inoculation on the artificial media. In S,, number of
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seedlings per seed ranges between 2 to 9 and at this stage more than 70% of seeds gave > 4
seedlings per seed. It is clear that for transitional stage seeds C; method of inoculation was found
beneficial because of easy peeling ability of seed coats and active non-dormant embryos.
However, number of seedlings per seed decreased at S; which may be attributed to the dormant
state of embryo and competition between neighboring embryos as physically evidenced from the
reduced seed size than transitional stage seeds. The influence of seed maturity on number of
seedling per seed has not been reported in citrus, but in the present study number of seedlings
was significantly high at transitional stage which suggests that seed germination should be
attempted at transitional stage.

Identification of nucellar and zygotic seedling in polyembryonic citrus species is
complex. However, in the present study invariably one or two highly vigorous seedling along
with gradient of other seedling height per seed was observed in all maturity stages. This
observation deviate the proposed hypothesis of uniformity in nucellar seedlings growth (Esan,
1973; Ghosh, 2007). The vigorous seedling observed in the study may be of zygotic origin
because the histological evidence from our study on various maturity stages of ovules suggests
the possibility of bigger embryos being the zygotic one. Such embryo was attached with nucellar
tissues at the micropylar end by special type of connecting tissue which can be used as a marker
to distinguish the zygotic from nucellar embryos. This destructive method of nucellar
identification although has practical significance, but need elaborative study because during
further development the fate of nucellar over dominance may occur as already noticed by few
earlier workers in citrus (Khan, 2007).

The interesting findings of the experiment was induction of embryogenic callus from the
outer integuments of transitional stage seeds when given with vertical cut and inoculated on full
MS medium containing activated charcoal of 200 mg L™. The favorable endogenous hormonal
status and injury made at the chalazal end might have triggered the friable callus induction. The
influence of wounding on callus induction is the well known phenomenon in plants, but in the
present study friable embryogenic callus was obtained from outer integument of transitional stage
seed. This indicates the physiological difference in endogenous level of auxin and cytokinin
balance for callus induction which is not reported in citrus.

The Obtained result on in vitro seed germination fulfills the aim of germinating various

maturity stages of Kinnow seed for standardization of high frequency indirect organogenesis.
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This study for the first time reported the possibility of raising seedlings all over the year using
various maturity stages of seed, inoculation methods and nutrient medium. Seeds of the different
maturity classes can be easily distinguished by the features like tenderness of cotyledonary
embryos, seed coat rigidity and seed size.
(if) Callogenesis response of etiolated epicotyl segments

The epicotyl explants collected from the 14 days old nucellar seedlings of transitional
stage seeds revealed high callus induction on MS medium supplemented with 2,4-D and coconut
water. Bulging and callus initiation from inoculated explants were invariably noticed within 12-
14 days on all the media, auxin concentrations and additives tested (plate 5.2). The auxin and
cytokinin balance along with undefined growth promoting stimulus provided by the coconut
water and endogenous status of explant must have favoured callus proliferation. The effect of
low and high auxin concentration on callus formation and regeneration from epicotyl segment
was reported by Savita et al. (2010) in rough lemon and (Gill et al. (1994, 1995) in mandarin.
The observation of present study however does not support the requirement of high auxin
concentration because callus proliferation in the present study was enhanced by lower auxin

concentration and coconut water supplementation while high concentration induced browning .

c. Reproductive tissue

The juicy vesicles responded positively to low auxin concentration (2 mg L™). Invariably
in all tested medium, within 10 to 12 days after inoculation callus initiation was observed.
However, initiated callus was stony and very hard, especially large amount of white metabolite
substances were 0ozed out into the medium after 45 days of inoculation, the proliferation rate
was also hampered (Plate 5.3). The inhibition in the proliferation rate was due to the polyprotein
based metabolite leakage. Similar suppressive effect due to polyprotein leakage has been
advocated by Gavish et al. (1991). The supplementation of coconut water induced soft callus,
reduced metabolite leakage and hasten the multiplication rate which suggest the need of organic
cytokinin additives for the callogenesis efficiency of juicy vesicle. Similar findings on the need of
coconut water as organic additive along with auxin on callus induction have been postulated for
citrus juicy vesicles (Einset, 1978; Nito and Iwamasa, 1990; Badr-Elden, 2017).

Similar to seed maturity stages, the juicy vesicles of corresponding maturity stages were
tested for callogenesis and proliferation to get round the year high frequency regeneration. Callus
induction and proliferation was observed in all the tested factors and their interactions. Among
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the various stages highest callus induction was observed in juicy vesicle of immature fruits
collected during August to October on J, medium where the multiplication rate was higher and
faster than all the other tested medium and PBR combinations. Ample amount of callus induction
was also observed from other two stages tested but the callus initiation was not 100% as observed
during the fruits collected in the month of June. The studies on regeneration ability of juicy
vesicle maturity stages are scanty and available only in immature stages (Badr-Elden, 2017), but
the findings of the present study can be correlated with the physiological changes rendered by
strength of assimilate stored and level of acid accumulation at different maturity stages of juicy

vesicle, which can be used as a reference for future study on juicy vesicles.

d. Indirect shoot organogenesis

High frequency shoot organogenesis ability of callus obtained from various maturity
stages of epicotyl and juicy vesicle were assessed in Kinnow mandarin. Positive shoot
regeneration response was obtained from juicy vesicle callus of maturity stage I. The nodular
green meristematic conversion occurred 25 to 30 days after transfer to Ss and Sg (medium under
the photoperiod of 16/8 hours light/dark. None of the other tested treatments were found to be
effective on regeneration. Conversion of nodular callus to shoot primordia was observed but
further development into shoots was hindered. Inter-specific hybrid nature of Kinnow mandarin
may be the reason behind poor shoot organogenesis, because earlier, the in vitro recalcitrance
behavior has been observed in the paternal parent C.deliciosa (Cabasson et al., 1997; Benelli et
al., 2010).The findings are comparable with the earlier report on requirement of BA in
combination with NAA for shoot primordial initiation from juicy vesicle callus (Badr-Elden,
2017).

5.2 Somatic embryogenesis

High frequency plantlet recovery and amenability of in vitro induced mutagenesis was the
aim of the present investigation on somatic embryogenesis. Although the inherent capacity of
polyembryonic citrus species on holding proembryogenic cells in nucellus tissue is an
advantageous trait for mutagenesis, the technique is neglected due to tedious explant isolation
procedure and tissue injury mediated drying of inoculated explants (Bitters et al., 1972; Kochba
et al., 1972; Navarro and Juarez, 1977; Spiegel-Roy and Kochba, 1980, Xu et al., 2021). Since
modification in explant preparation method can solve the problem, the present experiment
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explored the possibility of somatic embryogenic competence of the modified explant preparation

technique called in-ovulo nucellus culture.

a. In ovulo nucellus explant

Explant collection stage is important and a deciding factor for embryogenesis ability in
citrus (Bitters et al., 1972; Koltunow et al., 1995; Xu et al., 2021). The in ovulo nucellus
technique as the name suggest involve the retention of the nucellus inside the ovule but at the
same time muticellular embryos need to be discarded to avoid chimera formation. To achieve the
objective, optimization of fruit and ovule size is prerequisite, hence detailed investigation was

undertaken and the findings discussed.

(1) Optimization of explant collection stage (Fruit and Ovule)

Earlier reports on nucellus culture in citrus species had emphasized that at the time of
explant collection, the ovule must have a liquid endosperm with intact nucellus for better somatic
embryogenesis (Bitters et al., 1972). The identification and classification of immature fruit
growth stages in the present study revealed that the stage II fruits (>14 to <21 mm diameter) and
stage III fruits (having a size between >21 to <25 mm) had ovules with well-developed intact
nucellus and liquid endosperm. There is a dearth of literature pertaining to the specific
recommendation on fruit size in Kinnow mandarin for efficient nucellus culture but this finding
fulfilled the need. Further to identify optimum ovule size, avoidance of nucellar and zygotic
embryos is prerequisite for obtaining solid mutants via single-cell and true-to-the-type
regeneration. Hence, stage at which Kinnow ovule had complete migration of nucellar embryos
towards micropylar end needs to be known to discard multicellular embryos.

From the histological studies, it could be inferred that there is a gradual depletion of
nucellus tissue during the ascending stages of fruit growth. Our observations while studying
histology revealed exciting insights, stage Il although provide a chance for true-to-type
regeneration, complete removal of the preexisting embryos from the ovule was not feasible due
to the scattered distribution of proglobular nucellar embryos. Attempts to remove the preexisting
embryos at this stage may deviate from the objective of solid mutant induction because there are
ample chances for chimera formation. The phenomenon of scattered distribution of

proembryogenic cells all over the embryo sac and their migration towards micropylar end after
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attaining globular embryogenic stage has been reported in citrus by Wakana and Uemoto (1987),
Koltunow et al. (1995) and Xu et al. (2021).

The histological observation in this study could decipher the 111 stage (21-25 mm) of fruit
growth as the best explant (ovule) collection stage for easy removal of preexisting embryos. The
reason is the complete migration of proglobular embryos at the micropylar end. Similar were the
observations of Wakana and Uemoto (1987) in a few mandarin cultivars.

The findings of the study also reveal an insight about the polyembronic nature of Kinnow
mandarin which is not reported because the earlier assumptions are that mandarins are facultative
sporophytic apomixis polyembryony. In the present study, histological observations on the
existence of independent embryos other than zygotic embryo at the micropylar end, along with
the migration of a few embryos at the micropylar half, clearly suggest the occurrence of
sporophytic apomixis with nucellar adventive embryony in Kinnow mandarin. Suppression of
zygotic embryo by nucellar embryo is the usual hypothesis in citrus, but in the present study
embryo connected with endosperm (zygotic embryo) was larger than the other embryos. Since
the connection between embryo to endosperm is the unique distinguishable character for
identifying zygotic embryos (Wakana and Uemoto, 1987), it can be concluded that Kinnow
mandarin has zygotic dominance capability. Similar studies on zygotic and nucellar identification
in citrus has been reported earlier (Kepiro and Roose, 2007; Aleza et al., 2010).

(if) Somatic embryo induction

Several factors, such as the developmental stages of the explant, culture medium,
hormonal concentration and combinations of other factors, influenced the somatic embryogenesis
of cultured explants. In the present investigation, although preexisting embryos were eliminated
entirely from the inoculated in ovulo nucellus explants, direct somatic embryogenesis was
witnessed, possibly due to the stimulative effect of culture media composition. The findings
correlate well with the histological observations and are in consonance with the results of the
earlier workers in the nucellus culture of different citrus species (Bitters et al., 1972; Kochba et
al., 1972; Navarro and Juarez, 1977) as well as mango (Wu et al., 2007). Although the use of MT
medium has been widely reported in citrus somatic embryogenesis (Carimi, 2005; Dutt et al.,
2010), in the present study, DKW medium stimulated a higher degree of DSE and maintained
continuous proliferation of somatic embryos than the MT medium. The rapid induction and

maturation of somatic embryos on DKW medium in contrast to MT medium indicates enhanced
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physiological activity as a consequence of reduced amounts of ammonium, chloride and
increased calcium and sulphate ions as reported in citrus (Tallon et al., 2012; Tallon et al., 2013;
Navarro-Garcia et al., 2016). In our study, kinetin and its combination with ME-induced somatic
embryos. The requirement of high concentration of cytokinin and low concentration of auxin in
the medium for the induction of somatic embryos in citrus has also been suggested by Dutt et al.
(2010) and Agisimanto et al. (2016). The strong auxin type i.e., 2,4-D in the culture medium of
citrus species have been reported to suppress embryogenesis by inducing non-embryogenic cells
due to induced osmotic stress (Pan et al., 2010; Ge et al., 2012). However, in the present study,
2,4-D in combination with coconut water induced somatic embryo formation in low frequency. It
clearly explains the need for high cytokinin and low auxin for induction of morphogenesis, i.e.,
somatic embryos on nucellus tissues via rapid cell division and differentiation. High
concentration of endogenous auxin present in the ovule might be suggestive requirement on
cytokinin enrichment in citrus. The enhanced somatic embryogenic response of Kinnow
mandarin from in-ovulo nucellus culture can be considered an improvement over the nucellus
culture technique compared to other mandarins, where a low embryogenic response (10%) has
been reported by Bitters et al. (1972).
(if) Somatic embryo germination

The practical utility of any somatic embryogenesis protocol depends on the conversion of
induced embryos into healthy and quality germinated seedlings with a balanced shoot: root
system (Gmitter and Moore, 1986; Corredoira et al., 2019). In our study, somatic embryos
transferred from SE, combination of ICM medium onto GMj3 treatment of GCC medium resulted
in higher germination and bipolar conversion. Better starch and protein accumulation and post-
maturation regime attained by somatic embryos from the SE, combination of ICM medium must
have played a vital role in germination. The physiological role of starch and protein accumulation
for the maturation of somatic embryogenesis was demonstrated by Peng et al. (2020) in Korean
pine. The molecular evidence of miR156-mediated regulation of starch accumulation during
somatic embryogenesis has also been recently reported in citrus by Feng et al., 2022.
Furthermore, Joshi et al. (2022) reviewed the involvement of MADS-domain transcription factor
AGAMOUS-Like 15 (AGL15) in somatic embryo development by influencing functions like
transcription factors, hormone signaling and epigenetic regulation. Our result on better
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germination of SE, embryos correlates well with the above findings and confirms the need for the
above factors on the somatic embryogenesis pathway in plant species.

Although somatic embryo maturation plays a significant role in germination, without the
stimulation of meristematic activity, bipolar conversion into a complete seedling is not possible.
In the present investigation, GM3 treatment stimulated germination and bipolar conversion in
somatic embryos. A high level of three B vitamins (20.95%), i.e., thiamine, nicotinic acid and
pyridoxine in the MT medium as compared to the DKW medium, is responsible for the higher
meristematic stimuli. The reports on the effect of vitamins on somatic embryo germination are
scanty. However, the involvement of the same in germination as well as meristem formation has
been reported by few researchers (Chen and Xiong, 2005; North et al., 2011; Ashihara et al.,
2014). Moreover, the requirement of hormonal combinations for meristematic activity acquisition
through enhanced cell division, cell elongation and meristem formation in somatic embryos
cannot be ignored. The positive effect of GA3z on shoot elongation and root initiation in citrus
somatic embryos were suggested by earlier researchers (Kochba et al., 1972; Gmitter and Moore,
1986; Grosser and Gmitter, 1990; Germana, 2005). Similarly, adding coconut water to the
germination medium on the shoot apical meristem formation and regulation of endogenous auxin
levels due to substitutive cytokinin-like activity in somatic embryos was reviewed by Corredoira
et al. (2019). However, the effect of cytokinin needs to be counteracted by a slight increase in
auxin for balanced root: shoot growth (Corredoira et al., 2019). Hence, the enhanced bipolar
conversion ratio in the present study was possible due to the addition of a lower concentration of
NAA. The support of spermidine on somatic embryogenesis and meristem conversion in somatic
embryos is well explained by Kaszler et al. (2021) in Arabidopsis. Thus, the precise
combinations of the above supplements in GM3; medium are essential for high-frequency
germination in Kinnow mandarin. Earlier studies emphasized the high vulnerability of somatic
embryos towards poor germination in mandarin cultivars due to abnormal morphological defects
(Benelli et al., 2010). However, in the present study even the abnormal embryos were converted
to the bipolar structure which suggests the positive effect of GM3 treatment of GCC medium in
Kinnow mandarin.

(i) Establishment and acclimatization
Efficient establishment and acclimatization of in vitro raised emblings enhances survival

and induces stress tolerance. In the present investigation, the germinated seedlings of SE; x GM3
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were well established in a PBR-free liqguid MT medium. The phenomenal influence of
germination cum conversion treatment on plantlet establishment is unclear. However, Corredoira
et al. (2019), in their review on the establishment of emblings, speculated the involvement of
germination medium. Preconditioning of somatic embryo germinated emblings on a hormone-
free medium before transferring to a hardening medium has recently been emphasized by Asadi-
Aghbolaghi et al., 2021. Our results also revealed a positive effect on growth and development in
a liquid culture medium which suggests its superiority for better nutrient utilization, ease of plant
removal, lesser damage to the roots and solubilization of synthesized inhibitors near the root
zone, thus resulting in the better establishment of the emblings. Spiegel-Roy and Vardi (1984)
have also reported the positive effect of the liquid medium with various growth regulator
combinations on the establishment of citrus species. Our protocol is an alternative wherein the
hormone-free liquid medium can induce better in vitro establishment particularly in DSE-
obtained plantlets. During primary hardening, potting medium containing cocopeat: vermiculite:
perlite (2:1:1) exhibited cent percent survival of liquid medium established plantlets due to the

improved water use efficiency.

Uniqueness of the protocol

The standardized modified in ovulo nucellus culture technique is the first of its kind on
induction of direct somatic embryogenesis (DSE) from the nucellus cells of Kinnow mandarin
(Plate 5.4). Using this protocol a single embryogenic responsive in ovulo nucellus explant can
produce minimum 100 embryos within 4 months, further within 8 months minimum 85
acclimatized plantlets/explant/subculture can be obtained. In a 100 inoculated ovule with 35% of
embryogenic efficiency, it can produce 3000 acclimatized plantlets within 10 working days of
single manpower (average of 6-7 hours/day). The uniqueness behind this DSE system is the high
ex vitro survival of plantlets in comparison to the earlier protocols where the ex vitro survival is

poor.

b. Integument derived embryogenic calli

Mature seed outer integument derived embryogenic calli was obtained in the present
study at transitional seed maturity stage. As explained earlier the physiological status during
seed transition between non-desiccation to desiccation along with wounding and inoculation on

activated charcoal supplemented MS medium may be the reason to naturally induce embryogenic
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friable callus from the outer integument within 30-45 days after seed inoculation. The practical
difficulty faced in embryogenic calli are the unstability and non-synchronized embryogenesis,
hence habituation and suspension based single cell regeneration system was standardized and
discussed elow.
(i) Habituation

Embryogenic calli cultured on to PBR free MS solid medium with and without activated
charcoal alternatively for 5 passages and subsequent prolonged culture of cells for 6 month
without any subculture on activated charcoal free MS medium under dark resulted in stabilized
callus growth. Stationary growth phase and PBR autotrophic growth habit of cells cultured on
prolonged duration without any disturbance must have favoured the habituation. The attainment
of callus autotrophy and stable embryogenic callus phase on prolonged subculturing interval in
PBR free medium has also been reported but several researchers in citrus and other woody
perennials (Tomaz et al., 2001; Hao and Deng, 2002; Geneve et al., 2007; Ge et al., 2015; Omar
et al., 2016). It was also interesting to record that frequent subculturing of habituated Kinnow
calli on solid medium before suspension culture initiation at 15 days interval and maintenance of
lower cell density in the present study showed new and hastened callus proliferation. This may
be attributed to active cell division in the stationary phase habituated callus cells and subsequent
shift from lag phase to log phase.

(i) Suspension derived somatic embryo induction

Habituated callus subjected to suspension culture induced somatic embryogenesis within
21 days after culture initiation in basal liguid MS medium. The stimulated somatic
embryogenesis effect can be allied with the event on activation of embryogenic fate in the
suspension cells due to direct contact of each cell with nutrient medium and subsequent depletion
of nutrients particularly carbohydrates. Similar embryogenic response in suspension culture with
respect to change in carbohydrate in C. delciosa and C. sinensis has been advocated by Cabasson
et al., 1995; Jaminez et al., 2001; Tomaz et al., 2001). Globular somatic embryogenesis,
observed in PBR free liquid media might be due to the oxidative stress induced activation of cell
differentiation. The occurrence of indirect somatic embryogenesis on PBRs free liquid medium

has also been reported by Ricci et al. (2002) and Pan et al. (2009) in citrus.
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Minimum 85 acclimatized
plants /ovule /subculture

6 Month after primary
hardening

Stage 111 fruits
(70 -110 days old)

255" day

(End of February) >4 mm ovules of stage III fruits

End of may —June 1* week
Hardening medium (100%)
Cocopeat: vermiculite: perlite (2:1:1)

ICM medium (35%)
EM,: DKW + kinetin 5.0 mg L' and
malt extract 1000 mg L'

In ovulo nucellus based
Establishment o

emblings 195" day

In ovulo nucellus explant

Establishment medium (90%) DSE System
(Last week of Liquid MS g

December)
Somatic embryo initiation
th 4 o or 1 g ati
Bipolar germination 60™ day after inoculation
150" day

August 1* week

’ 5 GCC medium (86%)
(November 1 week) GM,: MT + GA, 2.0 mg L+ NAA 0.5 mg L'+
spermidine 100 mg L' + coconut water (CW) 10% (v/v)

Somatic embryo proliferation Somatic embryos
120" day (end of 2" subculture) 90" day after inoculation
October 1* week (September 1** week)

Plate 5.4 In ovulo nucellus derived DSE system protocol
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plants /100mg suspension /subculture

Minimum 60 acclimatized

6 month after

4! 5 Mother plant
primary hardening

(230 days after fruit set)

Integument derived
embryogenic callus

Hardening 307" day
Hardening medium (70%)
Cocopeat: vermiculite: perlite (2:1:1)

- Callus induction medium
MS basal medium + AC 200 mg L

Establishment medium (87%)
Liquid MS

\ 1 calli after 2™

Establishment of . '('( C medium . 1 subculture (30 day)
emblings 247 day| Bipolar conversion (83%) Germination (89%)

DKW + kinetin 5.0 mg L and malt extract 1000 mg L

Integument derived Habituate calli (6 months)

Habituation medium
MS basal medium

ISE System

Suspension ICM medium (93%)
Liquid MS basal medium

Bipolar germination 202 day
— Maturation medium (92%)
MT+ CW 10% + NAA 0.5 followed by

Somatic embryo maturation
(142" day)

Somatic embryo (60™ day)

Plate 5.5 Suspension derived ISE system protocol
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(iii) Somatic embryo maturation and germination

Hyperhydrisity is a problem if embryos are directly placed on germination medium.
Maturation of somatic embryo obtained from the suspension culture is therefore, an alternative
and most crucial step in indirect somatic embryogenesis (Plate 5.5). In this study somatic embryo
maturation was highest in SSEM;, while germination was recorded maximum in SGMgy The
accumulation of amino acid and protein reserves in the embryo might have triggered the embryo
maturation. The requirement of efficient somatic embryo maturation for germination has also
been explained by Cabasson et al. (1997) Pan et al. (2009) and Benelli et al., (2010) in different
citrus species. Although the results of somatic embryo maturation was encouraging, it was
observed that it took more time, but supported maximum germination efficiency of ISE system
derived embryos without abnormalities. Slow accumulation of nutrients and PBR substances
from the solid medium must have prolonged the duration required for maturation of this inter-
specific hybrid embryos. High frequency somatic embryo germination as stated earlier has

already been discussed in detail the DSE system of the present study.

5.3 Histological validation of single cell regeneration

From the in ovulo nucellus tissue of inoculated explants (ovules of stage Il fruits),
induced embryogenic cells were witnessed at the micropylar end. The induced embryogenic
activity was confirmed by dense cytoplasm and loose arrangement of cells from surrounding cells
with active cell division. The division of cells and formation of embryos further confirmed the
single-cell regeneration and fulfilled the requirement for inducing solid mutants through the
standardized protocol. In addition to the above, the normal developmental events, such as
globular to cotyledonary somatic embryos, showed the efficiency of the induction medium on
Kinnow somatic embryogenesis. The results confirm the hypothesis of Kobayashi et al. (1979),
who advocated that any nucellus cells of embryogenic capacity can give rise to embryos. The
nucellus culture mediated direct single cell embryo development has also been histologically
demonstrated by Kochba et al. (1972), Niedz et al. (2002) and Xu et al. (2021) in various citrus
cultivars.

In integument derived suspension based ISE system the primary objective of using
suspension culture is the production of single cell mediated regeneration system. The cells
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subjected to suspension culture in the present study showed occurrence of high frequency single
cells 7 days after culture initiation and globular embryo initiation was observed 21 days later.
Single cell regeneration ability of suspension derived indirect somatic embryogenesis is well
documented in many plant species including citrus. The histological observation of our study is
in line with the finding of reports on cell culture by Cabasson et al. (1995), Tomaz et al. (2001)
and Ge et al. (2012).

5.4 Genetic fidelity testing

Emphasis on using various molecular markers for genetic fidelity assessment has gained
importance during the last few decades due to innumerable advantages of early and non
destructive detection of variation. The ISSR markers did not reveal any variation in the in ovulo
nucellus derived emblings, thus confirming genetic stability with the current protocol. In citrus,
earlier studies also suggest the efficiency of ISSR markers in assessing genetic stability (Siragusa
et al., 2007; Meziane et al., 2017; Devi et al., 2021). The current study is the first report on the
genetic stability of in-ovulo culture induced plants obtained through direct somatic
embryogenesis in Kinnow mandarin. Genetic stability efficiency of DSE derived plantlets has
also been demonstrated in fruit crops like passion fruit, date palm, citrus etc. (Wu et al., 2007;
Silva et al., 2021; Theivanai et al., 2022a; Theivanai et al., 2023).

Indirect somatic embryogenesis derived plantlets showed similarly in banding pattern in
all the tested ISSR markers except two markers, which showed one missing band. This result
reveled the genuineness of plantlets obtained but at the same time the missing banding pattern
confirmed the occurrence of slight changes that might have taken place due to the transposable
element activation induced by culture condition and also continuous high frequency mitotic
division of callus cells induced irregularities, but drastic variability was not observed as noticed
during standardization of ISSR markers in various mandarin cultures (Theivanai et al., 2021).
Occurrence of somaclonal variation during indirect somatic embryogenesis was also the

observations of Hao and Deng (2002).
5.5 In vitro mutagenesis and LDsy determination
a. Gamma irradiation

Cellular-totipotency-mediated  somatic  embryogenesis and irradiation-induced

mutagenesis still holds promise to improve quantitative traits and traits of unknown genetic
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control in perennial fruit crops (Holme et al., 2019). The results on radiation-induced in vitro
mutagenesis in Kinnow mandarin using DSE and ISE systems revealed surprising results for the
induction of solid mutants in both the embryogenesis system. In a nucellus-derived DSE system
LDs at 65.75 Gy was nearly two fold higher compared to the earlier study of Agisimanto et al.,
2016 in a mandarin cultivar that reported LDso at 30 Gy. The higher radiation tolerance of the
nucellus tissue was due to modified explant preparation i.e. in ovulo nucellus tissue, rather than
exposing the nucellus tissue to radiation treatment as carried out by Agisimanto et al., 2016.
Conversely, in the ISE system, maximum survival of suspension-derived calli clumps was
observed at 100 Gy, which was half of the dose as reported by Spiegel-Roy and Kochba (1975) in
sweet orange cv. Shamouti orange. Lower survival of suspension-derived calli in this study was
due to the intra-cellular hydration of actively dividing (log phase) suspension cells, triggered
formation of free radicals and secondary DNA damage, which must not have taken place in
habituated calli (stationary phase) on direct exposure as reported in citrus (Spiegel-Roy and
Kochba, 1975).

b. EMS treatment

The observations on EMS treatment revealed decrease in explant survival in both DSE
and ISE system after exposure to different ascending durations and concentrations. The LDsg
observed for DSE system was 0.3% EMS concentration and 5 hour treatment duration which is in
consonance with the findings of Khokhar et al. (1998) and Devi et al., 2021 who observed 50%
lethality in Kinnow and acid lime when mature seeds were subjected to nearly same EMS dose.
The differed result of EMS dose requirement in the present investigation may be due to multiple
factors such as species specific response, methods of EMS preparation/application, explant type
and maturity stage. Simultaneously, the similarity observed on the EMS induced reduction in
survival implicates the cellar changes made by EMS. The expected advantage with present
methodology is the production of true-to-the-type single cell homohistant via somatic
embryogenesis as compared to seed mediated multi-cellular embryo dependent (induces chimera)
EMS induced mutagenesis.

In ISE system, the 50% lethal effect of 0.1% EMS for 3 hour and 0.5% EMS for 1 hour
on actively dividing suspension culture based cell clumps observed in Kinnow mandarin was

non-parallel to similar method of EMS treatment experimented by Ge et al. (2012) in sweet
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orange. High EMS sensitivity observed in the present study may be due to genotype specific
effect of mutagen absorption and amenability to genetic changes caused by the alkylating agent
and its reflection on physico-biochemical changes of treated cells. EMS induced genotype
specific reduction in survival of explant tissues or embryogenic cells have been reported in
several herbaceous and woody perennials (Wani, 2009; Arisha et al., 2014; Nasri et al., 2021).
The quinine alkylation effect on nucleotide and its subsequent transitions can be the primary
reason for the reduction in explant survival in both the embryogenesis system (Talebi et al., 2012;
Seratt et al., 2014; Viana et al., 2019).

5.6 Mutant regeneration
a. Gamma irradiation

Post-irradiation embryogenesis, germination and plantlet recovery competencies were
significantly altered among the embryogenesis systems in a dose-dependent manner. Increasing
irradiation doses linearly decreased the embryogenesis frequency in both systems. This clearly
explains the damage caused to the cell organelles, genetic materials and the repair mechanisms
which the cells have undergone via DDR (DNA damage recognition and response) pathways.
The study's finding collaborates well with those of Roux et al. (2004) in banana and Witjaksono
and Litz (2004) in avocado.

Hastened or delayed radiation-induced embryogenesis in the present study can be
elucidated with the cell cycle arrest to prevent DNA damage, the time required for DDR response
acquisition of irradiated explant tissue/cell and its subsequent cell cycle progress for DNA repair
and gene activation for cellular protection. Radiation-induced hastened and delayed in vitro
response with ascending irradiation dose is in line with the findings of earlier researchers in
Arabidopsis (Preuss and Britt, 2003; Qi et al., 2015) grapes (Surakshitha et al., 2017). While
lower irradiation dose induced delayed embryogenesis in suspension-based ISE systems has been
documented only in citrus (Spiegel-Roy and Kochba, 1975; Bona et al., 2009; Agisimanto et al.,
2016). The lower dose induced delayed embryogenesis coupled with a higher proliferation of
embryogenic calli, confirming the hormetic effect on promoting dedifferentiation than
redifferentiation of irradiated calli.

Synchronized embryogenesis was significantly influenced by the type of medium used in

embryogenesis systems. The solid medium induces asynchronous embryos in the DSE system,
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while synchronized embryo production was noticed in the suspension-based ISE system.
Suspension-based synchronized embryo initiation has also been reported in citrus and other fruit
crops (Cabasson et al., 1997; Souza et al., 2022). The dose-dependent embryogenic synchrony
observed in the present study on the ISE system can be correlated with the amount of stress
imposed on the cells at the different doses for its swift from dedifferentiation to redifferentiation.
Although delayed embryogenesis was observed in the DSE system, it expressed its superiority in
terms of a short culture cycle by curtailing the need for synchronization. Contrary to the DSE
system, embryo initiation was delayed upon irradiation in the ISE system, which is undesirable
because of the difficulty experienced in suspension handling. These findings show the influence

of irradiation on differentiation and embryogenesis in a specific manner.

The stimulatory and inhibitory effects at lower and higher irradiation doses on embryo
production suggest the hormetic effect on induction of positive secondary biogenic radiation up
to 30 Gy and diplontic selection of damaged cells at higher irradiation doses respectively. The
scientific explanation of the hormetic effect is poorly understood in the plant somatic
embryogenesis system, except in seed irradiation studies (Calabrese, 2019; Ulukapi, 2021;
Abdelnour-Esquivel et al., 2020).

Delayed germination, reduced germination and conversion efficiency with ascending
irradiation doses reflect the alteration in physiology, biology and genetic material of mutated
somatic embryos. The germination-related effect was however moderate when compared to the
detrimental effect reported on seed germination of a few citrus species (Saini and Gill, 2009;
Noor et al., 2009; Tallon et al., 2015), which suggests the benefit of cell-based mutagenesis and
embryo development for efficient elimination of deleterious mutation events before

redifferentiation and creation of mutant population.

Although the protocols of DSE and ISE were optimized to yield a relatively similar
quantity of hardened plantlets, the reduction in plantlet recovery was witnessed when the explants
of the DSE and ISE systems were subjected to irradiation. Relatively higher M; population
recovery was observed in the DSE system within a short time over the suspension-based ISE
system and hence proved its amenability on in vitro irradiation-induced mutagenesis. The ability
of DSE system explants with minimal proliferation and immediate acquisition of embryogenesis

and plantlet development from predetermined embryogenic cells could be the reason for higher
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plantlet recovery. The de-differentiated state of explant in the ISE system at the time of
irradiation, prolonged culture interval and occurrence of somaclonal variations may be the reason
for lower plant recovery, as speculated by Suprasanna et al. (2008). In the present study, a
modified in ovulo nucellus based DSE system fulfills the need of rapid solid mutant induction via
in vitro irradiation-induced mutagenesis and can be effectively utilized for high-frequency solid
mutant induction. The optimized protocol on ISE could also be effectively utilized if the breeders
are interested in creating high mutation frequency, provided production cost is not a barrier.

b. EMS treatment

Reduction in embryogenesis efficiency, embryo production capacity and delayed
embryogenesis with increasing EMS concentration observed in the DSE system are in
consonance to the earlier reports on herbaceous (banana, chrysanthemum) and woody perennials
(date palm), when organized explant tissue were directly exposed to the longer duration of EMS
treatments (Omar and Novak, 1990; Nasri et al., 2021). Strong point mutagenic effect on
widespread quinine nucleotides in the chromosome and its subsequent effect on embryo
differentiation might have reduced the embryogenesis efficiency in dose dependent manner.
However, in cell culture based ISE system, surprising results were observed on embryogenesis,
the LDsg EMS dose induced stress is favorable for embryo induction in habituated embryogenic
callus cells, while the lower and higher dose did not induced somatic embryo instead high callus
proliferation and complete suppression of proliferation was witnessed. Similar effect was also
observed in citrus habituated embryogenic calli mediated physical mutagenesis study of Spiegel-
Roy and Kochba, 1975. The embryogenesis response of sweet orange suspension cells at LDsg
EMS dose observed by Ge et al., 2015 is consonance with present study findings of

embryogenesis in ISE system of Kinnow mandarin.

Somatic embryo germination and bipolar conversion was suppressed by EMS in both the
embryogenesis system at selected LDsy dose, but the effect was comparatively higher in DSE
than ISE, this can be correlated with the higher EMS dose induced marked effect on embryo
developmental events in DSE system. Suppressive germination effect of EMS have also been
observed in date palm, citrus and other annual plants somatic embryos due to long duration EMS
treatment (Omar and Novak, 1990; Talebi et al., 2012; Nasri et al., 2021). However, germination
was delayed for nearly 3 and half months in ISE system which shows the benefit of using DSE

system for short duration mutation programme.
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Reduction in establishment and acclimatization efficiency observed on increasing EMS
dose in both the embryogenesis system shows the effect of chemical mutagen on morphogenesis
developmental event. Although EMS induced regenerants of ISE system established well, the
acclimatized EMS mutant population recovery was higher in DSE system, which gives the
insight about the elimination of deleterious mutants at various level of regeneration step in DSE
compared to ISE system. The reduction in establishment and acclimatization efficiency can be
correlated with the effect of EMS on cytochrome oxidase content and reduced respiration thus
leading to the developmental disparities as speculated by Kaur and Rattanpal, 2010. The EMS
induced reduction in seedling establishment has also been observed in acid lime and rough lemon
seeds (Jawaharla et al., 1992, Kaur and Rattanpal, 2010).

5.7 Morphological validation
a. Gamma Irradiation

Linear reduction in mean plant height with increasing doses of irradiation as well as
defects in the root or shoot formation in both the embryogenesis system, explains hormonal
stress, particularly auxin and gibberellins, as reported in other mutagenesis studies of
economically important crop plants like Triticum and maize (Marucu et al., 2013; Well et al.,
2018). The enhanced plant growth parameters at lower dose further confirm the growth elicitation
effect of irradiation, as reported by Melki and Marouani (2010) in Wheat. Severe alteration in
root growth than shoot growth, as observed in the present study, was due to the inhibitory effect
of irradiation on auxin status in the M; population. Similar irradiation effects on auxin
suppression have been reported by Kochba and Spiegel-Roy (1976) in citrus. Likewise, observed
variations in the chlorophyll pattern of the M; population can be allied with the irradiation effect
on highly susceptible cell organelle chloroplast, as speculated by Wi et al. (2007).

b. EMS treatment

Defective seedling morphology and reduction in plant height with increasing
concentrations in both embryogenesis systems explains the EMS induced abnormalities in
hormonal biosynthesis pathways. As like gamma irradiation severe root abnormalities than shoot
abnormalities was observed in the present study, this correlate well with the effect of EMS on
auxin biosynthesis than cytokinin and gibberellins in treated cells. Auxin biosynthesis alterations
effect on EMS as observed in present study are in line with the observations of Mohapatra et al.

(2014) and Nasri et al. (2021) in rice and chrysanthemum. Chlorophyll abnormality was
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comparatively higher in M; EMS population of both the embryogenesis system than gamma
gamma derived M; population. Chloroplast organelle damage might be the reason for altered
chlorophyll and similar effect has also been reported in rice and other annuals (Panigrahy et al.,
2011; Viana et al., 2019; Nasri et al., 2021).

5.8 Molecular validation

a. Gamma irradiation

Among the three molecular markers tested, only RAPD and SSR could detect the
variation from in vitro derived M; population. Cluster analysis showed the effect of irradiation on
inducing changes among individuals in a regeneration system-dependent manner. RAPD and
SSR markers have not been used to demarcate variations from the in vitro derived M; population
in citrus but have proved their robustness in crop plants (Yunus et al., 2013; Sianipar et al., 2015;
Devi et al., 2021a; Sharma et al., 2022). The study's findings elucidate the direct DNA damage at
random sites and conserved sequence that was not observed in any of the ISSR markers tested.
The incapability of ISSR markers on mutant demarcation in the M; population may be due to
point mutations at ISSR sites. Similar findings have been reported by Agisimanto et al., 2016 in
mandarin. Since the plants exhibited significant variation for shoot and root characteristics
morphologically, the conclusion arrived from molecular data is valid.

b. EMS Treatment

Molecular characterization although showed variability, only RAPD and SSR markers
could detect the variation from in vitro derived M; population as observed in gamma mutant
population. The EMS induced point mutations and resulted frame shifts in the coding and non-
coding regions and this may be the reason for changes observed amongst the individuals. Earlier
studies on demarcation of variations from M; EMS population using RAPD and SSR have not
been reported in citrus, but have proved its robustness in crop plants (Dhillon et al., 2014;
Sianipar et al., 2014; Sharma et al., 2022).
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6. SUMMARY AND CONCLUSION

In perennial fruit crops like citrus solid mutant induction via in vitro mutagenesis is of

importance, particularly when traits of interest are targeted. Development of simple and

economically viable protocol for gamma and EMS induced in vitro mutagenesis and its

validation in Kinnow mandarin was the aim of present investigation. The results of the present

investigation are summarized in this chapter.

6.1 Summary

6.1.1 In vitro regeneration

a. Indirect organogenesis

Vegetative explants

To resolve the problem of poor in vitro regeneration decontamination of explants, explant
maturity stages, culture media, growth regulator combinations and abscission related factors
along with ethylene inhibitors (silver compounds) were evaluated.

For tender (E;) and softwood (E,) nodal segments SS, treatment [(0.1% Bavistin® + 0.1%
Ridomil Gold®) 30 min + (2.0% NaOCI (v/v) for 15 min) + 70% EtOH (v/v) for 30 sec], while
for semi hardwood (E3) and hardwood (E4) explants SH.5 treatment [(0.5% Bavistin® + 0.5%
Ridomil Gold® + 200 ppm HQC) 120 min + (4.0% NaOCI (v/v) for 20 min) + 70% EtOH
(v/v) for 30 sec] were found beneficial in inducing maximum aseptic cultures.

Hardwood nodal segment maturity stage was observed as a proficient explant maturity stage
to boost the vigorous early shoot emergence on MS (Murashige and Skoog) and MT
(Murashige and Tucker) media added with GA; 10 mg L™ and favorable result of delayed
abscission was also noted in the same combination. Although BAP 2.5 mg L™induced
multiple shoots, severe abscission of micro-shoots were noticed.

To control abscission, micro-shoots subcultured and supplemented with MS + BAP 2.5 mg
L™+ GA3 10 mg L™ + Silver thiosulfate (5 mg L™) was found best for controlling abscission.
Attempt on callogenesis of internodal segments obtained from in vitro micro-shoots using
various type and concentrations of auxin either alone or combine with organic additives was

not successful.
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Juvenile explants

The investigation on indirect organogenesis of epicotyl segments suggest that seeds can be
germinated round the year following standardizes protocols. .

The non-desiccated seeds August to mid October (>150 -230 days) can give 100 %
germination by complete removal of inner and outer integument or giving vertical cut at the
chalazal end and inoculated on artificial nutrient medium.

The transitional stage seeds (mid October to November 230-275 days) and fully desiccated
seeds December to March (>275 days) revealed 100 % germination in all the type of
inoculation methods as stated in the materials and methods) when inoculated on artificial
nutrient media except in potting medium.

The NaOCI pretreatment improved the permeability of seed coat and facilitate easy removal
of seed coat in transitional and fully desiccated seeds. It can be used as an alternative for
tedious mucilaginous seed coat removal.

Auxin induced callogenesis in epicotyl segments when inoculated on MS + 2,4-D <2 mg L™ +
coconut water 10% but callus obtained were of non embryogenic nature, while embryogenic
callus was noticed from outer integument of transitional stage seeds, when inoculated with

vertical cut on MS + AC 200 mg L *medium.

Reproductive explants

The juicy vesicles explants induced callus on MS medium supplemented with 2,4-D < 2 mg
L™ + coconut water 10% within 10 to 12 days after inoculation. The same combination
supported callus proliferation and induction of callus from various maturity stages of juicy
vesicle, while the callus was converted to nodular structures on medium containing Bs + BAP
2mg L™+ NAA 0.5 mg L™ + coconut water 10% .

Somatic embryogenesis

a. Somatic embryogenesis of in ovulo nucellus explant

e The ovule developmental events were examined in immature fruits at different stages of fruit

growth (Stage I-VII). The ovules of stage III fruits (>21 to <25 mm dia.) were found

appropriate for in-ovulo nucellus culture.
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e Optimized ovule size induced direct somatic embryos at the micropylar cut end on induction
medium containing DKW basal medium with kinetin 5.0 mg L™ and ME) 1000 mg L™
Simultaneously the same medium supported the maturation of somatic embryos.

e The matured embryos from the above medium gave robust germination with bipolar
conversion on MT + GA;3 2.0 mg L™ + NAA 0.5 mg L™+ spermidine 100 mg L™ + CW 10%
(VIV).

e The bipolar germinated seedlings established well upon preconditioning in a plant bio
regulator (PBR) free liquid medium under the light. Consequently, 100% percent survival of
emblings was achieved on a potting medium containing cocopeat: vermiculite: perlite (2:1:1).

b. Somatic embryogenesis of integument derived calli

e The non desiccated fully matured seeds during its conversion to desiccation stage have a
natural tendency to form embryogenic callus from outer integument (MS + Activated
Charcoal 200 mg/l) when incision is given at chalazal end.

e Further habituation of embryogenic callus for a period of six month on plant bio regulators
(PBR) free medium in 150 ml conical flask and its subsequent transfer to liquid suspension
system without PBR resulted in synchronized somatic embryogenesis (92.00%) within 20.81
days after second subculture.

e Although maturation and germination of somatic embryos took longer time on MT + NAA
0.5 mg L™ + Coconut water 10% and DKW + Kinetin 5 mg/l + ME 1000 mg/I respectively
nearly 88.67% germination was achieved.

e Plantlet establishment frequency was 87.00 % on liquid paper bridge system and final
acclimatization efficiency was 70%.

c. Histology and genetic fidelity testing

e Histological studies confirmed the single nucellus cell origin of somatic embryos by
undergoing normal developmental events in both embryogenesis systems.

e Eight polymorphic ISSR markers confirmed the genetic stability of acclimatized embling in
both DSE and ISE system
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6.1.2 In vitro mutagenesis

a. Gamma irradiation

The explants subjected to ascending irradiation doses from 20-160 Gy were regenerated using
two standardized novel cellular totipotency techniques viz., direct somatic embryogenesis
(DSE) and indirect somatic embryogenesis (ISE) in Kinnow mandarin.

Probit analysis showed high radiation sensitivity of the ISE system (LDs,=54.31 Gy) over the
in-ovulo nucellus explant-based DSE (LD5o=65.75 Gy) system.

The dose rate next to LDsg i.e., 80 Gy and 100 Gy were examined for irradiation effect on
DSE and ISE systems. In DSE at the selected dose of 80 Gy, nearly 10% more embryogenesis
and 57% more embryo production were noticed over ISE at 100 Gy. Although Embryo
induction coincided in both systems, it was enhanced by one week in the ISE system at
selected doses.

DSE system was found superior in terms of higher embryo recovery and radiation tolerance
than the ISE system. The germination %, bipolar conversion efficiency and plantlet
establishment was higher in the ISE system, but the DSE system took lesser time for

germination and resulted in high plantlet recovery.

b. EMS treatment

Based on explant survival probit analysis was calculated and result revealed that for cell
clumps of ISE system the LDs, was found between 0.1% - 0.5% EMS concentration and 1-3
hour treatment duration. Whereas, for in ovulo nucellus explants of DSE system the LDsy was
observed at 0.3% concentration and 5 hour treatment duration.

To identify the efficient embryogenesis system for higher recovery of M population, 0.5%
EMS for 5 hour and 0.1% EMS for 3 hour were selected for both the DSE and ISE systems.
Although embryogenesis frequency was 20% less in DSE system, early embryogenesis (30
days) as well as higher embryo production capacity (36%) was observed in DSE system than
ISE system.

Inhibitory effect of EMS was observed on embryo germination and bipolar conversion in
DSE system, but hastened germination by 97 days showed its superiority over the ISE
system. EMS treatment slightly reduced the plantlet establishment of DSE system but the

final recovery was higher than ISE system.
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6.1.3 Phenomics and Molecular validation of mutants

e The DSE and ISE system derived M; populations were phenotypically and genotypically
different. The difference in the chlorophyll pattern of individual regenerants in both systems
revealed its single-cell origin.

e The M; population derived after gamma irradiation and EMS treatment from both systems
showed variability in phenotypic as well as genotypic level. The cluster analysis revealed the
efficiency of Phenomics digital data and it was further validated by polymorphic RAPD and
SSR molecular markers that could easily distinguish the mutants from the mother plant.

e The origin of solid mutant from gamma irradiation and EMS treatment was confirmed from
the morphology of observed chlorophyll defective mutants in both embryogenesis systems.
But from the economical, technical and handling view point DSE system was found superior
for highest M; population recovery in both physical and chemical mutagens tested.

e Thus the standardized DSE system, morphological and molecular screening protocols are first
of its kind and could be efficiently used for induction of solid mutants (homo-histont) through
gamma irradiation and EMS induced in vitro mutagenesis in Kinnow mandarin.

6.2 Conclusion:

6.2.1 In vitro regeneration
The cellular totipotency techniques i.e., indirect organogenesis and somatic embryogenesis

assessed in the present investigation proved the superiority of somatic embryogenesis over

indirect organogenesis on high frequency true-to-the-type single cell regeneration and high
plantlet recovery. Although complete plantlet regeneration via indirect organogenesis was
difficult, the study could decipher certain exciting facts. Poor shoot emergence and premature
abscission of micro-shoots from the cultured nodal segments are the serious problem encountered
on direct organogenesis of vegetative tissue to get micro-shoots for obtaining internodal segment
explant and subsequent regeneration via indirect organogenesis. The various factors studied could
reveal that the hardwood maturity stage of nodal segment was the most efficient explant maturity
stage to boost vigorous early shoot emergence on MS medium + GAs; 10 mg L™ Further
reduction in abscission rate and healthy shoot growth were observed when subculturing of micro-
shoots was done on MS medium supplemented with BAP 2.5 mg L™, GA3; 10 mg L™ and silver
thiosulfate 5 mg L™ This modified procedure could be effectively utilized for mass

multiplication as well as crop improvement via In Planta transformation technique in Kinnow
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mandarin. Hence it could be concluded that from vegetative tissue (nodal segment) it is possible
to get direct shoot organogenesis by standardized ethylene control measures such as use of silver
compounds. However, owing to explant browning the complete failure was observed on
callogenesis response in internodal segments of in vitro micro-shoots, but the aim of 100%
contamination free culture can be achieved using this method. Contrarily, callogenesis can be
successfully achieved round the year in juvenile explants using various maturity stages of seed
and their seedling derived epicotyl segments, but highly friable epicotyl segment calli (MS +
2,4-D 2 mg L™ + coconut water 10%) had poor in vitro indirect shoot organogenesis competency.
However, extended period of explant availability for continuous experimentation, cent per cent
contamination free culture and cent per cent seed germination cold be obtained from the methods
followed in seed germination. Furthermore, although high callogenesis efficiency followed by
conversion of callus into nodular green shoot primordia could be obtained from the reproductive
tissue (juicy vesicle), complete indirect shoot organogenesis did not occur from nodular green
meristematic structures. Thus the aim on standardization of high competency regeneration
protocol was not fulfilled using indirect organogenesis techniques. One interesting novel finding
of the experiment is the embryogenic calli formation from outer integument tissues on MS +
Activated Charcoal 200 mg/l for the first time in Kinnow mandarin. Since, high population
recovery and short regeneration cycle are the need for in vitro mutagenesis programme another
option on cellular totipotency technique called “somatic embryogenesis” was further assessed in
Kinnow mandarin.

The outcome of the detailed somatic embryogenesis investigation suggests that in-ovulo
nucellus culture can be an alternative to the nucellus culture technique in Kinnow mandarin. The
size-specific recommendation, i.e., > 4 mm ovules of Kinnow mandarin obtained from stage IlI
(>21 to <25 mm diameter) fruits had well-developed intact nucellus and liquid endosperm, the
pro-globular embryos migrated completely to the micropylar end. It facilitated easy removal of
the pre existing embryos and was convenient to handle in vitro when preparing the in ovulo
nucellus explant. The prepared in ovulo nucellus explant can induce DSE when inoculated on
somatic embryo induction cum maturation medium containing DKW medium supplemented with
kinetin 5.0 mg L™ and malt extract 1000 mg L™. Transfer of cotyledonary embryos from the
above medium to GCC medium containing MT basal medium supplemented with GA3 2.0 mg L™
+ NAA 0.5 mg L+ spermidine 100 mg L™* + CW 10% resulted in higher germination.
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Preconditioning of germinated seedlings in the liquid medium revealed maximum plant
establishment and 100% survival on a potting medium containing cocopeat: vermiculite: perlite
(2:1:1). The experimental results of our study and previous reports on embryogenesis efficiency
of nucellus culture suggest that mandarins have inherited in vitro recalcitrance. Thus the in ovulo
nucellus culture can be an effective alternative. The standardized fruit size will enable researchers
to directly collect the fruits at recommended growth stage and use them for in vitro culture
initiation.

The embryogenic calli obtained from outer integument were subjected to indirect somatic
embryogenesis through habituation and suspension culture. The habituation of embryogenic
callus for a period of six month on plant bio regulators (PBR) free medium resulted in stable
embryogenic nature and when subjected to liquid suspension system without PBR resulted in
synchronized indirect somatic embryogenesis (ISE) within 21 days after second subculture. The
somatic embryos attained cotyledonary embryo development on medium containing MT + NAA
0.5 mg L-1 + coconut water 10% when maintained for more than 3.5 months and gave maximum
germination on medium supplemented with DKW + Kinetin 5 mg/l + ME 1000 mg/l. The
germinated embryos were establishment into complete plantlets on PBR free liquid medium and
maximum acclimatization efficiency was obtained on potting medium containing cocopeat:
vermiculite: perlite (2:1:1) as similar to the DSE system. The benefit of ISE system is the
synchronized embryogenesis.

Histological examination of the ovules in our study confirms the polyembryonic nature
and the occurrence of embryogenesis from single nucellus cells in DSE system, likewise high
frequency single cell followed by globular to heart size embryo development from suspension
cells of ISE system confirms its practical utility on in vitro mutagenesis studies for induction of
solid mutants. Since the ISSR markers reveal the genetic fidelity of regenerated plants, the
developed DSE and ISE protocols can be effectively utilized not only for mutagenesis study but
also for mass multiplication, virus elimination, synthetic seed technology, in vitro conservation,
gene-editing and germplasm exchange.

6.2.2. In vitro mutagenesis

The method of application of mutagens and the standardized LDs, dose of gamma
irradiation (80 Gy and 100 Gy for DSE and ISE respectively) and EMS treatment (0.5% EMS for
5 hour (DSE) and 0.1% EMS for 3 hour (ISE)) could be effectively used for developing solid
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mutants. The identified DSE system showed its competency for the induction of solid mutants
within a short time than the ISE system in both physical and chemical mutagenesis study, The
significant advantage that could be visualized in the DSE derived in vitro mutagenesis system
was the elimination of deleterious mutants during the culture cycle and high M; population
recovery. This system further proves its effectiveness in curtailing the chimera problem and
shortening the breeding cycle, which otherwise is a problem in mutation breeding. Since the in
vitro mutagenesis protocol is simple, easy to handle and economical, the method can be
advantageous in creating variable populations and developing varieties with traits of interest
(seedlessness, biotic and abiotic stress) in Kinnow mandarin and other citrus species.
6.2.3 Morphological and Molecular validation of mutants

The standardized Phenomics and molecular protocols could effectively distinguish the
gamma and EMS induced mutants from DSE and ISE system derived M; populations. The
difference in the chlorophyll pattern of individual regenerants in both embryogenesis systems
revealed its single-cell origin and efficiency of solid mutant induction. The cluster analysis
revealed the efficiency of Phenomics digital data and it was further validated by polymorphic
RAPD and SSR molecular markers that could easily distinguish the mutants from the mother
plant. Thus the standardized DSE system, morphological and molecular screening protocols are
first of its kind and could be efficiently used for induction of solid mutants (homo-histont)

through gamma irradiation and EMS induced in vitro mutagenesis in Kinnow mandarin.
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ABSTRACT

The investigation entitled “In vitro mutagenesis and validation of mutants using
molecular markers in Kinnow mandarin” was conducted during 2017-2022 at Division of fruits
and Horticultural Technology, ICAR-IARI, New Delhi. The objectives of the investigation were
standardization of in vitro regeneration protocol, in vitro mutagenesis protocol on LDs
determination and M; population development followed by protocol standardization for
morphological and molecular validation of obtained M1 population. The direct organogenesis and
premature abscission free micro-shoots could be induced from hardwood nodal segment cultured
on silver supplemented medium (MS + BAP 2.5 mg L™ + GA; 10 mg L™ + silver thiosulfate 5
mg L™), which can be used for mass multiplication with reduced juvenility. Embryogenic callus
induction from outer integument of transitional stage seed on medium containing MS + activated
charcoal 200 mg L™ after vertical cut at chalazal end was standardized. The somatic
embryogenesis experiment of nucellus tissue and integument derived embryogenic calli resulted
in two contrasting embryogenesis system. The standardized in ovulo nucellus culture technique
includes the collection of >4 mm ovules from stage III (>21to <25 mm diameter) fruits followed
by in ovulo explant preparation and inoculation on somatic embryo induction cum maturation
medium (DKW + Kinetin 5.0 mg L™ + malt extract 1000 mg L™). Transfer of cotyledonary
embryos from the above medium to germination cum conversion medium (MT + GA; 2.0 mg L™
+ NAA 0.5 mg L™ + spermidine 100 mg L™* + CW 10%) followed by preconditioning of
germinated seedlings in the liquid medium and plantlet establishment on a potting medium
(cocopeat: vermiculite: perlite, 2:1:1). The uniqueness of the DSE protocol is the direct somatic
embryogenesis with high frequency plantlet recovery in a lesser time. The integument derived
embryogenic calli based suspension culture system includes habituation of calli on plant bio
regulators free medium, suspension culture of habituated calli in PBR free medium for somatic
embryogenesis followed by maturation of obtained embryos on solid medium (MT + NAA 0.5
mg L-1 + coconut water 10%) and remaining step of germination to acclimatization follows in
ovulo nucellus derived DSE system protocol. The uniqueness of the ISE protocol is stabilized
embryogenic calli production and synchronized indirect somatic embryo development.
Histological examinations aided the DSE system on optimization of ovule size for in ovulo
nucellus explant preparation as well as validation of single cell regeneration ability of both DSE
and ISE system regenerants. Genetic fidelity testing using ISSR marker system confirmed the
genetic stability of regenerants obtained from both DSE and ISE system.

Gamma irradiated and EMS treated optimized explants of DSE and ISE system showed
the LDso dose at 80 Gy (DSE) and 100 Gy (ISE) for gamma irradiation, while for EMS it was
0.5% EMS for 5 hr. (DSE) and 0.1% EMS for 3 hr. (ISE). The DSE system was found superior
with respect to short mutant regeneration cycle, elimination of deleterious mutants and high M,
population recovery in both physical and chemical mutagenesis. Further the protocol designed for
morphological and molecular validation with Phenomics derived digital data as well as RAPD
and SSR marker derived molecular scoring data could differentiate the mutants from mother plant
as well as individual mutants of both DSE and ISE system derived M; population. The
chlorophyll deficient mutants observed in My population of gamma irradiation and EMS confirm
the efficiency of solid mutant induction in both embryogenesis systems.

From the detailed investigation it can be concluded that DSE system is highly beneficial
for both gamma irradiation and EMS induced in vitro mutagenesis. The standardized protocol can
best utilized for trait specific crop improvement such as reduced seed number/fruit, biotic and
abiotic stress tolerance.
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