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Abstract
A high-auxin medium, usually used for callus induction, was not effective for Indian short-day onion cv.
Bhima super. In this study, we found that the onion seedling radicle was a better explant than shoot tip for
embryogenic callus induction, and induction e�ciency up to 85.33% along with high embryogenic calli
weight was obtained in routinely used medium containing 1.0 mg/L 2,4-D, but speci�cally supplemented
with 0.5 mg/L kinetin. MS medium supplemented with 1.5 mg/L kinetin and 0.125 mg/L ABA showed
73.15% shoot regeneration e�ciency from the calli induced from seedling radicle. Geneticin and
hygromycin B at 50 mg/L showed optimal selection pressure for 8-week-old onion calli. Agrobacterium-
mediated transformation of 8-week-old friable embryogenic calli induced from seedling radicle resulted in
phenotypically normal transgenic plants with 1% transformation e�ciency. In this study, regeneration and
transformation protocols were developed for a widely used Indian short-day onion cultivar, which is
instrumental for the development of stable transgenics in this crop.

Introduction
Stable genetic transformation of onion (Allium cepa L.) has been reported in various genotypes with
variable transformation e�ciencies. The transformation e�ciencies in onion cultivars Atlas and Kunning
were different due to genotype-speci�c response of the calli induced from zygotic mature embryo (Zheng
et al. 2001). Variable transformation e�ciencies have been reported in other genotypes but the variation
could be due to the type of explant and culture medium used in these studies. Eady et al. (2000, 2003)
reported 0.9 to 2.7% transformation e�ciency in onion cultivar Canterbury Longkeeper using immature
embryos as an explant cultured on picloram-containing medium. Aswath et al. (2006) reported 25%
average transformation e�ciency in cultivar KU-31 from the calli induced from seedling radicle on 2,4-D-
containing culture medium. In a study comparable to ours using an Indian variety Indian marshal, a
transformation e�ciency of 2.5% was reported from the calli induced from seedling radicle on 2,4-D-
containing culture medium. Taken together, these results indicated that transformation e�ciency of onion
was dependent on genotypes, culture medium and explant types used in the transformation studies.
Therefore, it is imperative to develop a genotype-speci�c transformation protocol using an appropriate
explant and culture medium.

Transformation studies conducted during the initial stages of onion transformation protocol development
(before year 2006), immature and mature zygotic embryos were used as explants for transformation
(Eady et al. 2000, 2003; Zheng et al. 2001, 2005). In later studies, seedling radicle was the preferred
explant probably due to frequent contamination in immature embryos, di�culty in isolation of mature
zygotic embryos and, most importantly, high callus induction e�ciency of seedling radicle/root tip
(83.6%, Khar et al. 2005) as compared to immature embryos (40%, Eady et al. 1998) and zygotic mature
embryos (58%, Zheng et al. 1998). Simultaneously, high transformation e�ciency (2.5 to 25%) has been
reported in seedling radicle (Aswath et al. 2006; Kamata et al. 2011; Naini et al. 2019) as compared to
immature embryos (0.9 to 2.7%) (Eady et al. 2000, 2003) and zygotic mature embryos (0.15 to 3.68%)
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(Zheng et al. 2001, 2005). Hence, the selection of appropriate explants plays an important role in
determining the labour-intensiveness and e�ciency of onion transformation protocol.

The selection of an appropriate selection agent is also an important factor for producing transgenics. The
selection agent plays a major role in selecting transformed-calli and hence affects transformation
e�ciency. For the selection of transgenic onion-calli, different antibiotics such as kanamycin, hygromycin
B, geneticin (Eady and Lister 1998, Eady et al. 2000, 2003; Zheng et al. 2001, 2005; Naini et al. 2019) and
a non-antibiotic selection marker such as phosphomannose isomerase (PMI) (Aswath et al. 2006), was
used. It was reported that kanamycin was ineffective for the selection of onion transgenic-calli obtained
from an immature embryo (Eady and Lister 1998). Explants were found to be highly sensitive to mannose
concentration and ceased to form shoots at high concentrations (Joersbo et al. 1998; Degenhardt et al.
2006). Therefore an elaborate preliminary study is required to calibrate the concentration of mannose in
every selection stage before using PMI as a selection agent (Stoykova and Stoeva-Popova, 2011), which
is a cumbersome process. However, stable transgenic onion plants were obtained using 50 mg/L
hygromycin B (Zheng et al. 2001, 2005; Kamata et al. 2011; Naini et al. 2019) and 20-50 mg/L geneticin B
(Eady et al. 2000, 2003) with relatively less effort.

For the successful transformation of any crop, callus induction from explants is an important �rst step
and a critical parameter for transformation. The type, physical appearance and embryogenic potential of
calli used for the transformation affect the overall transformation e�ciency. In onion, picloram- and 2,4-
D-containing culture medium have been used for callus induction from different explants during
transformation of calli induced from different onion explants. MS medium supplemented with 1.0 mg/L
2,4-D have been used for callus induction from mature zygotic embryos (Zheng et al. 2001, 2005) and
seedling radicle (Aswath et al. 2006; Naini et al. 2019) while producing transgenics. But, in our in-house
experiment, this routinely used callus induction medium failed to induce signi�cant number of calli from
both shoot tip and seedling radicle explants. Hence there was a need to signi�cantly improve the
regeneration and transformation protocols.

In the present study, we compared two explants; shoot tips and seedling radicle of onion for callus
induction and regeneration studies. We studied the effect of auxins and cytokinin on callus induction as
well as cytokinin and abscisic acid (ABA) on shoot regeneration. We also optimized the selection agent
for selection of transformed-calli. Agrobacterium-mediated transformation was carried out with the callus
induced from seedling radicle and transgenic plants were regenerated. Finally, we report an e�cient
regeneration and Agrobacterium-mediated transformation protocol for the Indian short-day cultivar,
Bhima super using seedling radicle as an explant.

Materials And Methods
Plant material and growth conditions

Genetically pure seeds of Allium cepa cv. Bhima super were used to get explants. Surface-sterilized seeds
were germinated on B5 medium at 26 ˚C in dark for 72 h (Fig. 1a) and 120 h (Fig. 1d). Seedling radicle
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and shoot tip excised from the germinated seeds were used as explants for in vitro regeneration.

In vitro regeneration and hardening of plantlets

Seedling radicle and shoot tips of 3-4 mm length (Fig. 1b and 1e) were excised from the dark-grown onion
seedlings after 72 and 120 h of germination, respectively. Explants were placed in Murashige and Skoog
(MS) medium containing 3% sucrose, 7 g/L agar and supplemented with different concentrations of 2,4-D
or picloram (0.5, 1.0 and 2.0 mg/L) alone or in combination with kinetin (0.5, 1.0, 2.0 and 3.0 mg/L),
grown in dark condition for callus induction (Supplementary Table 1 and 2). Grown calli mass was
chopped out after 6 weeks and sub-cultured for another 2 weeks in the fresh medium with same media
composition and maintained under similar conditions. Growth of 6-week- and 8-week-old calli was
characterized in terms of colour, toughness, number and weight of callus. The experiment was carried out
with 3 replicates for each treatment with 25 numbers of explants in each replicate (Fig. 1c and 1f). The
best medium for callus induction and growth is designated as CI medium (shown by bold letters in
supplementary Table 1).

About 8-week-old calli, obtained in CI medium, were transferred into MS medium supplemented with
different concentrations of kinetin (1.0, 2.0 and 3.0 mg/L) alone or in combination with different
concentrations of abscisic acid (ABA) (0.125, 0.25, 0.5 and 1.0 mg/L) for shoot regeneration (Table 1).
The culture was maintained in 16 h light/ 8 h dark photoperiod at 23 ˚C temperature. The experiment was
carried out with 3 replicates of each treatment with 8 number of calli in each replication. The best
medium for shoot induction is designated as SIM (shown by bold letters in Table 1). Regenerated shoots
were transferred to half-strength MS medium containing 3% sucrose and 7 g/L agar (rooting medium) to
obtain roots.

The roots of regenerated plantlets were dipped into 0.1% bavistin solution for 5 min and transferred to the
pot containing an autoclaved mixture of soil, sand and vermicompost in 3:1:1 ratio. Later, it was allowed
to form a bulb in the green house at 25 ˚C in 16 h light / 8 h dark period.

Comparison of selection agents: hygromycin and geneticin

Eight-week-old embryonic calli (3-4 mm2) induced from seedling radicle in CI medium were cultured in CI
medium supplemented with different concentrations of hygromycin B (25, 50, 75 and 100 mg/L) and
geneticin (25, 50, 75, 100, 125 and 150 mg/L) separately, at room temperature in the dark. The control
treatment was also maintained without supplementing any selective agent. After 2 weeks, the calli were
sub-cultured in the fresh medium with the same composition following removal of browned/bleached
portion and maintained under similar conditions. The plates were observed for browning or bleaching of
calli and data on survival were recorded after 4 weeks. The experiment was carried out with 3 replicates
of each treatment with 10 numbers of embryonic calli in each replication.

Agrobacterium strain and plasmid
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The plasmid pCAMBIA 1305.1 was mobilized into A. tumefaciens strain LBA4404 by freeze–thaw
method as described by (Holsters et al. 1978). A single colony of Agrobacterium strain was inoculated in
Luria-Bertani broth (LB) medium containing 50 mg/L kanamycin and 20 mg/L rifampicin and incubated
at 28 ˚C for 48 h at 220 rpm. An aliquot (200 µL) of grown culture was freshly inoculated in 50 ml LB
broth with appropriate antibiotics and incubated at 28 ˚C till the OD600 reached 0.6-0.8. The bacterial cells
were collected by centrifugation (4000 rpm, 10 min) and re-suspended in infection medium (MS basal
broth + 100 µM acetosyringone, pH 5.8). 

Agrobacterium-mediated genetic transformation of onion

About 8-week-old embryonic calli obtained from the seedling radicle explants were chopped into 3-4 mm2

sized pieces and immersed in Agrobacterium infection medium, agitated constantly for half an hour at
room temperature and blot dried on sterile �lter paper for 2 h. Dried calli were transferred to MS basal
medium (supplemented with 1.0 mg/L 2,4-D, 100 µM acetosyringone and 7 g/L agar, pH 5.8) and
incubated at room temperature for 3 days in dark condition.

After 3 days of co-cultivation, calli were transferred to CI medium supplemented with 250 mg/L
cefotaxime (Resting medium) and incubated for 2 weeks at room temperature in the dark. Later these
calli were transferred to selection medium (CI medium supplemented with 250 mg/L cefotaxime and 50
mg/L hygromycin B) and incubated at room temperature in dark condition. After 2 weeks,
browned/bleached portions (dead cells) were removed from calli and surviving calli were again sub-
cultured in the fresh medium with the same composition under similar conditions. The non-infected calli
were also maintained as an experimental control. Six independent batches were co-cultivated with an
average 202 calli in each batch.

After 2 weeks of sub-culture, dead cells were removed and surviving calli from 3 batches were used for
histochemical analysis (experiment 1) whereas those from the other 3 batches were advanced for shoot
regeneration studies (experiment 2). Selected calli of experiment 2 were transferred to SIM (supplemented
with 250 mg/L cefotaxime and 30 mg/L hygromycin B) and incubated at 23 ˚C under 16 h/8 h light/dark
condition for 3 weeks. The surviving calli were sub-cultured on the same fresh medium with the same
composition under similar conditions. After 3-4 weeks of sub-culture, the shoot inducing calli were sub-
cultured to SIM devoid of hygromycin for 3-4 weeks. The non-infected experimental control calli were also
maintained under similar conditions. Regenerated shoots were transferred to rooting medium (half MS
basal medium containing 3% sucrose and 7 g/L agar) and allowed to grow for a month. Multiple
plantlets regenerated from the same calli were labeled as same event. The roots of well-developed
plantlets were dipped into 0.1% bavistin solution for 5 min and transferred to pots containing an
autoclaved mixture of soil, sand and vermicompost and allowed to form a bulb under green house
conditions (at 25 ˚C with 16 h/8h light-dark cycle).

Histochemical GUS assay
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To con�rm the transformation, the expression of β-Glucuronidase in the transformed calli was assayed.
Surviving infected calli from experiment 1 and control calli (8-week-old non-infected embryogenic calli)
were incubated in GUS solution of pH 7.0 (Anbu and Arul 2013) at 37 °C for 12 h in dark and later washed
thrice in 70% ethanol at 15-minute-intervals. The colour developed was visualized using a bright-�eld
stereo microscope (Leica, Model No. 10450028) at low magni�cation and the image was captured with a
digital camera. The tender leaf bits of T0 and wild type plants were permeabilized in chilled 90% acetone
(v/v), incubated at -20 °C for 2 h (Hemerely et al. 1993) to remove chlorophyll and washed twice with 100
mM phosphate buffer pH 7.0 for 5 min. Later leaf bits were analyzed for GUS assay as described above.

PCR analysis of putative transgenic plants                                                                 

For PCR analysis, genomic DNA was extracted from tender leaves of putative T0 transgenic plants and
wild-type plants using a DNA extraction kit (Qiagen). Genomic DNA (50 ng) was used as a template for
PCR ampli�cation of GUSplus and hptII genes using 1x Dream Taq mastermix (ThermoScienti�c) in
presence of 0.5 μM of each primer, as per conditions described in Table 2. The plasmid DNA (pCAMBIA
1305.1) and wild-type onion DNA were used as positive and negative control, respectively. The ampli�ed
PCR products were resolved on 1% (w/v) agarose gel.

For RT-PCR analysis, total RNA was extracted from tender leaves of PCR positive T0 and wild-type plants

using RNeasy® Plant Mini kit (Qiagen). 1 µg of total RNA was treated with DNase using DNase I, RNase
free kit (ThermoScienti�c) and �rst strand of cDNA was synthesized using RevertAid First Strand cDNA
synthesis kit (ThermoScienti�c). First strand of cDNA was diluted in nuclease free water with 1:5 dilution
factor and 1 µl aliquot of diluted cDNA was used as a template for PCR ampli�cation of GUSplus as per
conditions described in Table 2. The plasmid DNA (pCAMBIA 1305.1) and wild type onion cDNA were
used as positive control and negative control, respectively. The ampli�ed PCR products were resolved on
1% (w/v) agarose gel.

Data analysis

Experiments were set up in a completely randomized design. The callus induction e�ciency was
calculated in percentage by counting the number of induced calli from total number of cultured explants.
The shoot induction e�ciency was calculated in percentage by counting the number of shoot
regenerating calli from total number of cultured embryogenic calli. Data were subjected to analysis of
variance (ANOVA) by using SAS program (Release 9.2, SAS Institute, NC, USA). Differences between the
mean values were assessed with Duncan’s multiple range test at p<0.05. The transformation e�ciency
was calculated in percentage by counting number of transgenic events generated from total number of
co-cultivated calli.

Results
Regeneration of Allium cepa cv. Bhima super via indirect organogenesis
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An e�cient regeneration protocol, DNA delivery system and a selection system are required for successful
genetic transformation of any plant species. Previously reported regeneration protocols for Allium cepa
showed the dependence of callus induction on cultivars, explants and media compositions (van der Valk
et al. 1992; Eady 1995; Saker 1997; Eady et al. 1998;  Zheng et al. 1998; Khar et al. 2005; Ramakrishnan et
al. 2013; Sivanesan et al. 2015). In this study, we standardized the regeneration protocol for an Indian
cultivar, Bhima super, which is one of the commercially important varieties of onion. We used seedling
radicle and shoot tip from the dark-grown seedlings of onion as an explants for callus induction with
varying concentration of two types of auxins viz., 2,4-D and picloram in combination with different
concentrations of kinetin (Supplementary Table 1 and 2). Number of induced calli, weight of calli, its
colour and physical appearance was observed after 6 and 8 weeks. Friable and yellowish calli were the
best for the formation of shoots.  Callus induction e�ciency was better in seedling radicle explants
compared to shoot tip explants along with high calli weight and physical appearance.

We also compared the effect of 2,4-D and picloram on/for callus induction from both shoot tip and
seedling radicle explants. In the case of seedling radicle explants, 1.0 mg/L concentration of 2,4-D along
with 0.5 mg/L of kinetin in MS medium showed highest callus induction e�ciency (85.33%), whereas it
was only 57.33% in the routinely used medium i.e. MS medium containing 1.0 mg/L of 2,4-D
(Supplementary Table 1). In shoot tip explants, maximum callus induction (38.67%) was observed in MS
medium containing 2.0 mg/L 2,4-D along with 2.0 mg/L kinetin and it was only 4% in 1.0 mg/L 2,4-D
containing MS medium (Supplementary Table 2). These results showed that callus induction in Allium
cepa cv. Bhima super is highly dependent upon the explants and the media composition as reported in
other plant species. In this study, we report that the seedling radicle of 72-h-old germinated seedlings are
better choice of explants for callus induction and further regeneration of onion. It also shows that
between 2,4-D and picloram, the former is more effective for callus induction from seedling radicle
explants in presence of kinetin rather than alone (Fig. 2).

The mean calli weight per treatment varied signi�cantly according to explants as well as plant growth
regulators. The calli mass from seedling radicle explants was higher by mean callus weight than shoot
tip explants.  Calli weight per treatment induced from seedling radicle ranged from 0.035 g in 2.0 mg/L
picloram + 2.0 mg/L kinetin treatment to 8.715 g in 1.0 mg/L 2,4-D + 0.5 mg/L kinetin treatment after 8
weeks, whereas it was 4.571 g in MS medium containing 1.0 mg/L 2,4-D (Supplementary Table 1). With
shoot tip explants, the mean calli weight per treatment ranged from 1.441 g in 2.0 mg/L 2,4-D+ 1.0 mg/L
after 8 weeks, whereas it was  0.107 g in 1.0 mg/L 2,4-D treatment (Supplementary Table 2).

The physical appearance of the callus is an important indicator of its ability for shoot induction. Induced
calli from the seedling radicle and shoot tip in different treatments exhibited variable morphology. The
induced calli were white, yellowish white and yellow in color. Calli were either compact, friable or highly
friable in nature (Supplementary Table 1 and 2). In the best treatment, embryogenic calli induced from
seedling radicle on MS medium supplemented with 1.0 mg/L 2,4-D + 0.5 mg/L kinetin were yellow, friable
with a nodular type (Fig 1h).
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Further, we cultured 8-week-old calli (from the best treatment) on different SIMs and calculated the shoot
regeneration e�ciency as number of callus-producing green shoots (Fig 1i) from the total number of calli
used in that treatment. The calli that turned green but failed to produce shoots (supplementary �g 1.)
were not counted while calculating shoot regeneration e�ciency. The shoot regeneration e�ciency varied
from 7.41% in MS medium containing 1.0 g/L kinetin to 73.15% in MS medium supplemented with 1.5
kinetin mg/L and 0.125 ABA mg/L (Table 1).  MS medium containing 1.5 mg/L kinetin and 0.125 mg/L /
0.250 ABA mg/L ABA have generated 2 to 4 shoots per callus (data not shown). Altogether, these results
showed that the calli obtained from seedling radicles of dark-grown seedlings of Bhima super have
relatively higher regeneration e�ciency via somatic embryogenesis in the presence of speci�c hormone
combinations.

Optimization of selection pressure for transgenics production

The use of an e�cient selection system is crucial for successful transformation. In the case of monocots,
the well-established selection system, kanamycin, is not useful as the monocot cell and tissues are
relatively insensitive to kanamycin (Wilmink and Dons 1993). In this study, we used hygromycin B and
geneticin markers for selection. The selection pressure for these markers was calculated based on the
percentage of browned/bleached calli after 4 weeks of incubation on the selection medium. Hygromycin
B and geneticin at 25 mg/L showed 40% and 33.33% lethality of embryogenic calli, respectively; whereas
at concentrations higher than 50 mg/L resulted in 100% lethality (supplementary �g. 2). In the control
experiment, there was no loss of calli. Therefore, in further experiments, we used hygromycin B at 50
mg/L concentration.

Agrobacterium-mediated genetic transformation of Allium cepa cv. Bhima super

In our study, 1212 embryogenic calli derived from seedling radicle explants, were co-cultivated with A.
tumefaciens harbouring pCAMBIA 1305.1 plasmid (Fig. 3a), in 6 independent batches. The different
stages of Agrobacterium-mediated genetic transformation and development of putative T0 transformants
are shown in Fig. 3b-i. Out of 6 batches, calli from 3 batches were used for GUS staining (Experiment 1),
while the other 3 batches were forwarded for shoot regeneration, rooting and hardening (Experiment 2).

In experiment 1, a total of 614 calli were infected with Agrobacterium in 3 batches with an average of
204.67 ± 4.01 calli per batch, of which 52.63% and 20.84% calli survived after the 1st and 2nd round of
selection, respectively. In the control experiment (non-infected calli), 46.39% calli were survived after the
1st round of selection and no calli were survived after the 2nd round of selection (Table 3). Survived calli
were subjected to histochemical GUS staining analysis. 1.15% of total co-cultivated calli retained the blue
stain (Table 3), whereas blue stain failed to develop in the negative control callus (Fig. 4).

In experiment 2, a total of 598 calli were infected with Agrobacterium in 3 batches with an average of
199.33 ± 1.78 calli per batch, of which 54.32% and 18.90% calli survived after the 1st and 2nd round of
selection, respectively. In the control experiment (non-infected calli), 43.57% calli survived after the 1st
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round of selection and no calli survived after the 2nd round of selection (Table 4).  Calli surviving after 2
rounds of selection were transferred to SIM for the regeneration of shoots. Of these, 3.85% calli survived
on SIM (containing hygromycin B 30 mg/L) after incubation for 3 weeks and 1.62% calli showed shoot
induction after 3 to 4 weeks of sub-culture and later sub-cultured again in SIM devoid of hygromycin.
After 3-4 weeks of 2nd sub-culture, multiple shoots (2 to 4) regenerated from each one of the 6
independent calli and were transferred to rooting media. Well-developed plantlets were transferred to pots
for hardening and maintained till maturity under green house conditions.

Molecular and histochemical analyses of transgenics

One fresh and healthy T0 plant was selected from each event, and tested by PCR and RT-PCR analysis.
PCR studies resulted in ampli�cation of 687 bp and 512 bp of internal sequences of GusPlus (Fig. 5a)
and hptII (Fig. 5b) genes in all the 6 independent events whereas no ampli�cation was found in wild type
Bhima super plant. RT-PCR studies of GusPlus gene also showed similar results (Fig. 5c). Tender leaf bits
of PCR positive plants showed blue staining, whereas blue stain failed to develop in the negative control
plant when analyzed by GUS assay (Fig. 6).

Discussion
The development of an e�cient regeneration and transformation protocol is a pre-requisite for
introducing agronomically important traits for crop improvement. So far, there have been only two reports
for standardization of in vitro regeneration (Khar et al. 2005; Ramakrishanan et al. 2013) and only one
study on transgenic development (Naini et al. 2019) of Indian short-day onion.

Embryogenic callus induction in onion has been achieved by using auxins alone in the culture media
such as 2,4-D and/or picloram (van der Valk et al. 1992; Saker 1997; Eady et al. 1998; Zheng et al. 1998;
Khar et al. 2005; Ramakrishnan et al. 2013; Sivanesan et al. 2015). In our experiment, the callus induction
e�ciency was low when auxin alone was used either 2,4-D or picloram and it varied from 4 to 22.67% and
24 to 57.33% in shoot tip and seedling radicle explants, respectively. This clearly depicts the explant-
speci�c response for callus induction study, as reported in other onion regeneration studies (van der Valk
et al. 1992; Khar et al. 2005). Supplementation of kinetin to auxin-containing MS medium enhanced the
callus induction e�ciency in both the explants i.e. up to 38.67% in shoot tip and 85.33% in seedling
radicle. Picloram (5.0 mg/L) and 2,4-D (1.0 mg/L) was reported best to induce embryogenic calli from
immature embryos (Eady et al. 1998) and zygotic mature embryos (Zheng et al. 1998), respectively. In our
experiment, among auxins; 2,4-D in combination with kinetin was signi�cantly more effective in
embryogenic callus induction as compared to picloram. Further, it was better than routinely used callus
induction medium i.e. 1.0 mg/L 2,4-D in transformation experiments (Zheng et al, 1998).  This effect of
cytokinin on callus induction e�ciency could be genotype-speci�c response.  High callus induction
e�ciency in Indian onion genotypes has been reported in presence of auxin and cytokinin using shoot tip
explants (Khar et al. 2005; Ramakrishnan et al. 2013). Similarly, addition of cytokinin (kinetin or BAP)
along with 2,4-D-containing callus induction medium enhanced the induction of somatic embryogenic
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calli of onion (Saker 1997). The callus induction e�ciency was positively correlated with calli weight per
treatment in both the explants (Fig. 2) indicating callus induction is more critical than the callus
proliferation.

Two cytokinins (BAP and kinetin) have been extensively studied for shoot regeneration in onion either
alone or in combination with auxins, vitamins and ABA (van der Valk et al. 1992; Saker 1997; Eady et al.
1998; Zheng et al. 1998; Khar et al. 2005; Ramakrishnan et al. 2013). The microshoot regeneration
potential of onion explants varied with cytokinin concentration and was higher in kinetin containing
culture medium (Kamstaityte and Stanys 2004). In our study, the regeneration potential of the
embryogenic calli induced from seedling radicle (on MS medium containing 1.0 mg/L 2,4-D + 0.5 mg/L
kinetin) was signi�cantly affected by variable concentration of cytokinin alone and varied between 7.41
to 31.2%. The addition of low concentration of ABA i.e. up to 250 mg/L further enhanced the shoot
regeneration with highest (73.15%) in 1.5 mg/L kinetin + 0.125 mg/L ABA treatment. This is due to high
shoot regeneration e�ciency of embryogenic calli induced on 2,4-D-containing media (van der Valk et al.
1992; Luthar and Bohanec 1999; Sivanesan et al. 2015) and ability of low concentration ABA for
increasing the number of shoot-forming embryogenic onion calli in MS medium containing kinetin (van
der Valk et al. 1992). Khar et al. (2005) also reported shoot regeneration in kinetin-containing MS medium
from the calli induced from root tip, shoot tip and whole seed explants of onion.

Hygromycin B and geneticin have been reported as selective agents for the selection of transformed
onion explants (Eady et al. 2000, 2003; Zheng et al. 2001, 2005; Kamata et al. 2011, Naini et al. 2019). In
our study, hygromycin B of concentration 50 mg/L and 30 mg/L was su�cient for selection during calli
proliferation and shoot regeneration steps, respectively. Hygromycin B at 50 mg/L concentration was
found to be optimal for the selection of transformed onion embryogenic calli (Zheng et al. 2001, 2005;
Kamata et al. 2011; Naini et al. 2019). These results were consistent with our histochemical analysis that
showed 1.15% GUS-positive calli among total infected calli. In our study, use of Hygromycin B at 30 mg/L
concentration during shoot regeneration phase was found effective and did not affect regeneration.
However, Naini et al. (2019) used 3 rounds of 50 mg/L hygromycin B during callus proliferation stage, but
shoot induction was obtained from media devoid of hygromycin B. Thus use of selective agent during
shoot induction improved the selection process and reduced time spent in the callus proliferation phase.
In the study to evaluate geneticin as selective agent, 50 mg/L geneticin was found to be useful for
selectively discriminating transformed calli from non-transformed ones, but survived calli failed to
regenerate into shoots when transferred to SIM containing no geneticin and 30 mg/L geneticin (data not
shown). 

Several reports on onion transformation by Agrobacterium-mediated or particle bombardment showed
0.2% to 25% transformation e�ciency (Eady et al. 2000, 2003; Zheng et al. 2001, 2005; Aswath et al.
2006; Kamata et al. 2011; Naini et al. 2019). In our study, transformation e�ciency of seedling radicle
induced calli was around 1 percent which was calculated based on the number of shoot producing calli
from the total number of initially infected calli. Only shoot producing calli were counted as many of the
selected calli turned green or proliferated but failed to regenerate into shoots. Around 2-4 shoots are
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produced from each regenerative calli (data not shown), and we counted shoot-producing calli rather than
number of shoots to avoid in�ation of transformation e�ciency. In this perspective, there are 3 reports of
Agro bacterium-mediated transformation based on seedling radicle induced calli (Aswath et al. 2006;
Kamata et al. 2011; Naini et al. 2019). Aswath et al. (2006) have reported a high 25% average
transformation e�ciency, based on the average of survived calli in each selection stages and not based
on initial infected calli. Another report with higher e�ciency of 6.4% by Kamata et al. (2011) actually
counts total number of plants regenerated from only two calli out of 1751 co-cultivated calli. Similarly, a
comparable report on transformation of Indian variety by Naini et al. (2019) showed 2.5% transformation
e�ciency based on number of survived calli after 3 rounds of selection from the initially infected calli and
not based on shoot producing calli. Hence, the seemingly low transformation e�ciency in our experiment
is mainly due to the method of calculation of transformation e�ciency, and is actually higher than or
comparable with previous reports based on seedling radicle explant.

In conclusion, the results of the present study showed that the regeneration e�ciency of onion is
dependent on explants type and plant growth regulators. Supplementation of kinetin in the callus
induction media with auxins has improved the callus induction e�ciency in both the explants chosen in
the study. Among explants, seedling radicle was better than shoot tip explant for callus induction. Shoot
regeneration of the calli induced from seedling radicle was optimal in the presence of kinetin with
minimal concentration of ABA. Thus, a stable transformation protocol for onion was established with 1%
transformation e�ciency. Overall, we report a regeneration system for the Indian onion cultivar that is
suitable for Agrobacterium-mediated transformation and would be useful for researchers interested in
introducing any trait-of-interest into onion.
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 Table 1 Shoot regeneration efficiency: (Values are represented in the form of mean ± standard error of 3
replicates).
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S. No. Treatment Average shoot regeneration efficiency (%)

1 1.0 Kin mg/L + 0.000 ABA mg/L 7.41 ± 3.70
2 1.0 Kin mg/L + 0.125 ABA mg/L 19.44 ± 4.24
3 1.0 Kin mg/L + 0.250 ABA mg/L 15.28 ± 3.50
4 1.0 Kin mg/L + 0.500 ABA mg/L 15.74 ± 4.63
5 1.0 Kin mg/L + 1.000 ABA mg/L 15.28 ± 3.50
6 1.5 Kin mg/L + 0.000 ABA mg/L 31.02 ± 4.56
7 1.5 Kin mg/L + 0.125 ABA mg/L 73.15 ± 3.34
8 1.5 Kin mg/L + 0.250 ABA mg/L 34.72 ± 6.56
9 1.5 Kin mg/L + 0.500 ABA mg/L 34.26 ± 5.63
10 1.5 Kin mg/L + 1.000 ABA mg/L 26.39 ± 6.94
11 2.0 Kin mg/L + 0.000 ABA mg/L 22.22 ± 0.00
12 2.0 Kin mg/L + 0.125 ABA mg/L 23.33 ± 6.42
13 2.0 Kin mg/L + 0.250 ABA mg/L 11.57 ± 6.43
14 2.0 Kin mg/L + 0.500 ABA mg/L 15.74 ± 4.63
15 2.0 Kin mg/L + 1.000 ABA mg/L 11.57 ± 6.43

 
 

Table 2 Primers used in the study

Primer
Name

5’ to 3’ sequence Amplicon size
and region

PCR conditions

GusPlus-
F

TACGGGAAAGGACTGGAAG 687 bp of
internal
sequence of
GusPlus

1 cycle of 94 °C for 5 min; 35 cycles of  94 °C for
45 sec, 55 °C for 45 sec, 72 °C for 1 min and 1
cycle of  72 °C for 10 minGusPlus-

R
GTAGAGATACGTGTTCAGTGG

Hpt_F GACGTCTGTCGAGAAGTTTC 512 bp of
internal
sequence of
hptII

1 cycle of 94 °C for 5 min; 35 cycles of  94 °C for
45 sec, 60 °C for 45 sec, 72 °C for 45 sec and 1
cycle of  72 °C for 10 minHpt_R GCCTCCAGAAGAAGATGTTG

 

 

Table 3 Histochemical GUS staining analysis of onion calli: (Values are represented in the form of
ean ± standard error of 3 replicates).

  No. of calli
co-cultivated selected after 1st

selection
selected after 2nd

selection
GUS

positive
Co-cultivated calli
 

204.67 ±
4.01

107.67 ± 2.84 42.67 ± 1.52 2.33 ± 0.27

% of co-cultivated
calli

  52.63 ± 1.29 20.84 ± 0.85 1.15 ± 0.16

Control calli
 

18.67 ± 0.27 8.67 ± 0.27 0.00 ± 0.00 -

% of control calli 
 

  46.39 ± 2.61 0.00 ± 0.00 -
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e 4 Transformation efficiency of onion cv. B. super: (Values are represented in the form of mean ± standard
error of 3 replicates).

No. of calli Events
generatedco-

cultivated
selected after 1st

selection
selected after
2nd selection

selected
after SIM I

selected
after SIM II

cultivated
li

199.33 ±
1.78

108.33 ± 3.41 37.67 ± 1.19 7.67 ± 0.54 3.17 ± 0.68 2 ± 0.00

of co-
tivated calli

  54.32 ± 1.25 18.90 ± 0.65 3.85 ± 0.31 1.62 ± 0.33 1.00 ±
0.01

ntrol calli 18.33 ±
0.27

8.00 ± 0.47 0.00 ± 0.00 - - -

of control
li 

  43.57 ± 2.03 0.00 ± 0.00 - - -

Figures
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Figure 1

Somatic embryogenesis and regeneration of onion: a Germinated seeds on B5 medium after 72 h; b
Hatched area represents seedling radicle explant; c Seedling radicle explants on CI medium; d Germinated
seeds on B5 medium after 120 h; e Hatched area represents shoot tip explant; f Shoot tip explants on CI
medium; g Induced calli after 6 weeks; h Nodular embryogenic callus after 8 weeks; i Embryogenic calli on
shoot induction media after 6 weeks; j Rooting of onion plantlets.
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Figure 2

Response of explants and hormones in callus induction: Seedling radicle (72 h old) and shoot tip (120 h
old) explants were cultured on MS medium containing 15 different hormone combinations. Calli weight
per treatment (g) and callus induction e�ciency were evaluated after 8 weeks of culture.
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Figure 3

Different stages of Agrobacterium-mediated transformation of onion: a Binary vector pCAMBIA1305.1
harboring AcCenH3 GFP-tailswap construct; b Chopped 8 weeks old embryogenic calli; c Agrobacterium-
mediated infection of embryogenic calli; d Calli on resting medium; e Calli on selection medium; f
Regenerating shoot on shoot induction medium; g Regenerated shoot on rooting medium; h Plantlets sub-
cultured on ½ MS basal media; i. Hardened T0 plants.



Page 20/22

Figure 4

Histochemical GUS staining analysis of transgenic calli: Non-brown and yellowish mass of the non-
infected (C) and Agrobacterium infected calli (T1 and T2) was selected from the calli after 2 rounds of
selection on selection medium and stained with GUS solution and image was recorded using bright �eld
stereo microscope.
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Figure 5

Molecular analysis of putative transgenic plants: a PCR analysis of putative transgenic plants to con�rm
the presence of GUSplus gene; b PCR analysis of putative transgenic plants to con�rm the presence of
hptII gene; c RT-PCR analysis to con�rm the presence of mRNA of GUSplus gene, [L: 1 kb plus ladder, P:
Pcambia1305.1 plasmid (Positive control), A1 to A6: Transgenic events, AN: Negative control (Wild type
B. super)]
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Figure 6

Histochemical GUS staining analysis of transgenic plants: Tender leaf bits of wild type B. super plants
and (a) PCR positive transgenic plants stained (b, c and d) were stained with GUS solution after removing
the chlorophyll and image was recorded using bright �eld stereo microscope.
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