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Abstract
Developing transgenics that express high levels of Cry1Ac protein, and at the same
time, are phenotypically normal, has not been an easy task to achieve. It has been
routinely observed that most of the transgenic plants that survive, show no or extremely low levels of Cry1Ac protein. However, all of these plants do express the selectable marker, nptII gene. In the present study, we record an interesting observation of how one of the genes (cry1Ac) on a single T-DNA fragment is selectively silenced, keeping the expression of the other gene (nptII) intact. Further, this silenced
state is inherited.
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1. Introduction
Insect resistant Bt cotton is the only commercialized genetically modified crop in India
so far. From a few hectares when introduced in 2002, the transgenic cotton now occupies about 95% of the total cotton-growing acreage of 12.25 million hectares [1] in India. Cotton is an economically important crop for India. The crop shows high susceptibility to lepidopterans, the major one in India being Helicoverpa armigera. The use of
Bt cotton, which specifically kills these lepidopteran pests, has been a boon to the cotton industry. The insecticidal transgenic crop, utilizes the δ-endotoxin produced by the
ubiquitously present, Gram-positive bacteria, Bacillus thuringiensis to kill the attacking
pests. Bacillus thuringiensis contains an array of insecticidal toxins including Cry proteins, cytolysins (Cyt toxins), enterotoxins, chitinases, hemolysins, phospholipases etc.
[2]. Bt cotton exploits the insecticidal activity of the Cry proteins. This is a very robust
technique as the cry genes are extremely specific in terms of their target insect group.
Following the success of Bt cotton, many laboratories ventured into developing new
Bt lines with high toxin levels. However, this hasn’t been an easy feat to achieve, and so
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far very few Bt events have been commercialized-though, hybrids made from these
events are quite many. Many laboratories have reported difficulties in developing
transgenics with cry genes [3] [4] [5].
It has been shown in a study by our laboratory that the expression of cry1Ac gene has
adverse effects on the in vitro regeneration and growth of transgenic plants, in studies
involving cotton and tobacco [6]. During the experiments undertaken in cotton, a
strong correlation was observed between level of expression of Cry1Ac protein and
phenotypic abnormality, meaning thereby, that the transgenic plants exhibiting high
levels of the Cry1Ac protein showed abnormalities such as stunted growth, no boll
formation, lack of seed setting etc. In this work [6], an important observation was that,
out of all the T0 independent transgenic lines developed in cotton, with the binary vector represented in Figure 1, only 15% of the lines were observed to show detectable levels of Cry1Ac protein as tested by ELISA, though all of these lines expressed the marker
gene nptII. This analysis was carried out in T0 transgenics. Thus, in these transgenic
lines, the expression of the cry1Ac gene was silenced, while the neighbouring selection
marker, nptII seemed to be active.
Further, Southern hybridization showed that in about ~29% of the transgenics analysed, the cry1Ac cassette was physically deleted, although the nptII cassette was found
to be present [6]. Such observation had not been reported earlier in studies on developing transgenic lines with different genes. Interestingly, in these transgenic lines the

cry1Ac cassette was placed towards the right border (RB) of the T-DNA, while the selection marker (nptII) was placed towards the left border (LB). It is well established that
T-DNA transfer proceeds from RB to LB, and although incomplete transfers can take
place at both the borders, the placement of the marker at the LB ensures the presence of
the passenger gene in most of the cases [7].
The transformation experiments, using the same construct as used in cotton (Figure
1), when repeated in tobacco (Nicotianata bacum cv. Xanthi) showed similar results.
Again, a major observation was that a large percentage of the developed kanamycin resistant transgenic tobacco did not show observable level of Cry1Ac protein.
In summary, in the previous work there were two different kinds of kanamycin resistant (KanR) transgenic tobacco lines observed, ones that expressed cry1Ac gene
(hereafter called as expressors), and those that did not express cry1Ac (non-expressors).
The present study was undertaken to test the inheritance of the expression status in
these lines in the T1 generation, as well as to try and identify the possible reasons for the
interesting observation of selective silencing of the cry1Ac gene, keeping the selection
marker (nptII) active. For the present study progeny of 6 independent tobacco T0

Figure 1. A vector map of the construct used for developing transgenics in tobacco and cotton,
used by Rawat et al. 2011. The construct carries the cry1Ac (UDSC) gene driven by a CaMV 35S
double enhancer promoter at the right border, and a selection marker nptII gene driven by the
nos promoter at the left border.
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transgenic lines were selected for further analysis viz., three expressor lines viz. E1.7,
E2.19 and E3.39, and three non-expressor lines viz. NE1.59, NE1.35 and NE1.08 (from
the previous study [6]). All the six transgenic lines chosen were developed through

Agrobacterium-mediated transformation of tobacco, using the construct described in
Figure 1. The expressor lines, E1.7, E2.19 and E3.39, expressed both cry1Ac and nptII
genes. The levels of Cry1Ac protein expressed in these lines were, ~0.48 ppb/µg total
protein for E1.7, ~1.3 ppb/µg total protein for E2.19, and, ~3.43 ppb/µg total protein for
E3.39, respectively. The non-expressor lines, NE1.59, NE1.35 and NE1.08 showed no
detectable levels of Cry1Ac protein though they were resistant to kanamycin.

2. Materials and Methods
2.1. Segregation Analysis of T1 Generation Seeds
Six independent tobacco transgenic lines were selected, three expressor lines viz. E1.7,
E2.19 and E3.39, and three non-expressor lines viz. NE1.59, NE1.35 and NE1.08 (from
the previous study [6]). T1 seeds of these lines were germinated on MS (Murashige and
Skoog) media [8], at pH 5.9 - 6.0 with kanamycin (100 mg/L) as selection agent, to
study the segregation pattern of the transgene. Seeds that germinated on kanamycin
was scored as resistant (KanR) and those that did not as sensitive (KanS) Segregation
analysis was done using the χ2 test, where the observed values were compared to the
expected values, corresponding to the integration of the transgene at a single locus following a 3:1 Mendelian ratio, of KanR:KanS seedlings. Progeny of lines with integration
of transgene at single locus were taken for further analysis.

2.2. Analysis of Presence/Absence of Cry1Ac Protein in Transgenics by
Qualitative ELISA
The expression of the Cry1Ac protein was studied in the T1 progeny lines by Qualitative
ELISA. Twelve randomly selected KanR progeny lines of NE1.59, NE1.35. E1.7, E2.19
and E3.39 were selected for this analysis. Analysis of Cry protein was carried out on the
first fully expanded leaf of the putative transgenic. This was carried out using Sandwich
Enzyme Linked Immunosorbent Assay (ELISA) from Envirologix, USA. This was carried out using Cry1Ac/Ab ELISA kit, Amar Immunodiagnostics, India.

2.3. Analysis of Cry1Ac Protein Level in Different Progeny Lines by
Quantitative ELISA
The progeny lines of the three Cry1Ac expressing lines, i.e. E2.19, E1.7 and E3.39
ELISA were analyzed for their protein levels by Quantitative ELISA kit from Envirologix, USA. Estimation of Cry1Ac protein was carried out using 0.5 µg and 1.0 µg of
total protein. The total protein concentration in each sample was determined by Bradford method [9], using known concentrations of BSA as standard.

2.4. Analysis of Presence/Absence of cry1Ac and nptII Gene
Cassettes Using PCR
Six progeny lines of NE1.35 were randomly selected and PCR amplifications were carried out on the genomic DNA from different regions, these regions included, cry1Ac
3
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complete cassette, cry1Ac 5’ end, cry1Ac 3’ end, nptII gene and the 35S de promoter
region. This was done to make sure that there was no truncation or deletion in the
Cry1Ac protein, which resulted in the silencing. All the amplicons were sequenced to
check for the presence of any random mutation. The sequences of the oligonucleotides
used for amplification is presented in Table 1.

2.5. Analysis of Transcript Level by RT-PCR
Total RNA was extracted using “Spectrum Plant RNA isolation kit” from Sigma, following the manufacturer’s instructions. cDNA was synthesized using QuantiTect Reverse Transcription kit (Qiagen). The cDNA synthesis was carried out in a reaction
volume of 20 µl.
Amplifications were done on the selectable marker nptII gene, along with both 3’ and
5’ends of the cry1Ac gene to make sure that there was no truncation, using gene specific primers. Ubiquitin-conjugating enzyme (UCE) specific amplifications were carried
out as internal control. The sequences of oligonucleotides that have been used for the
amplifications are the same as used for the PCR amplifications on genomic DNA
(Table 1).

3. Results
3.1. Segregation Analysis of the T1 Generation Seeds
Based on the χ2 test, it was observed that 5 of the 6 lines had integration of the transgene at a single locus. The results have been summarized in Table 2.

3.2. Analysis of Presence/Absence of Cry1Ac Protein in T1 by
Qualitative ELISA
Approximately 12 T1 progeny lines of the independent T0 lines were analysed for the
Table 1. Sequences of primers and their TM used for amplification of different fragments of the integrated transgenes. The expected size of
amplicons is also shown.
Gene/region

cry1Ac 3’ end

cry1Ac 5’ end

cry1Ac
35Sde promoter (only
for DNA-PCR)

nptII
Ubiquitin-conjugating
enzyme (UCE)

4

Oligo name

Oligo sequence

Cry1Ac 3’FP

5’GAGTTCAACAACATCATC GC 3’

Cry1Ac 3’RP

5’CTATTCAGCCTCGAGTGTTG 3’

Cry1Ac 5’FP

5’ATGGACAACAACCCAAACATCA 3’

Cry1Ac 5’RP

5’ATTGAATACGCATTTCCTCGC 3’

Cry1Ac full FP

5’ATGGACAACAACCCAAACATCAAC3’

Cry1Ac full RP

5’CTATTCAGCCTCGAGTGTTGCAGTA3’

TPchk-Cry1Ac FP

5’GCTTGCATGCCTGCAGGT 3’

TPchk-Cry1Ac RP

5’CCCCAGATGATGTCAACTAGTCCG3’

NptII FP

5’TTTGTCAAGACCGACCTGTC 3’

NptII RP

5’AAGAACTCGTCAAGAAGGCG 3’

UCE FP

5’GAGGATTCTTTCTGAGGGGTTT 3’

UCE RP

5’AGGGAAGTGAATGGTAACGAGA 3’

TM

Amplicon size (bp)

54.4˚C

400bp

59˚C

467bp

60˚C

1848bp

60˚C

847bp

58˚C

650bp

55˚C

230bp
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Table 2. Segregation analysis of T1 progeny lines of 6 independent transgenic lines.
T0 event

Number of seeds
of T1 progeny
analysed

KanR

KanS

χ2 value based on null hypothesis of
3:1 ratio (KanR:KanS)

Non-expressor
NE1.59

66

46

20

0.99*

NE1.35

65

52

13

0.867*

NE1.08

82

67

15

1.97*

Expressor
E1.7

78

58

20

0.016*

E3.39

56

36

20

3.43*

E2.19

54

50

4

8.92

*χ2 fits the 3:1 ratio.

presence of Cry1Ac protein. 0.5 μg and 1.0 µg of total soluble protein were used for the
analysis. It was observed that all progeny of the non-expressors showed absence of the
Cry1Ac protein, while all the progeny of the expressors, except for two lines of E2.19,
showed the presence of Cry1Ac protein.

3.3. Analysis of Cry1Ac Protein Level by Quantitative ELISA in T1
Progeny of Expressors
To analyse the level of Cry1Ac protein in T1 progeny of expressor lines, quantitative
ELISA using 0.5 μg and 1.0 μg of total soluble protein was carried out (Figure 2). It was
observed that in case of E1.7, only one out of the twelve progeny analyzed, showed detectable but very low level of Cry1Ac protein. This line was a low expressor (0.48
ppb/µg) even in T0 generation, and the Cry1Ac locus seems to have been silenced in the
T1 generation. However, all these lines rooted on kanamycin 100 mg/L (selection), indicating their transgenic nature. For line E2.19, out of the twelve progeny lines analyzed, seven showed detectable levels of Cry1Ac protein, the expression levels ranging
from 0.022 to 0.955 ppb/µg of total protein. The parent line had moderate expression
levels of Cry1Ac of ~1.3 ppb/µg. In the case of line E3.39, the parental line was a high
expressor of Cry1Ac (3.43 ppb/µg), all the progeny lines showed detectable levels of
Cry1Ac expression, the expression levels ranged from 0.181 to 6.839 ppb/µg of total
protein.

3.4. Analysis of Presence/Absence of cry1Ac and nptII Gene Cassettes
in T1 Progeny of Non-Expressor Lines
Six T1 progeny of the non-expressor line 1.35 were analysed for the presence or absence
of the transgene cassette by PCR. Primers designed from different regions of the cry1Ac
(i.e promoter, 5’ and 3’ halves of the cry1Ac gene) and nptII gene cassettes (Table 1)
were used to study the structural integrity of the transgenes. It was observed that all the
cassettes were present and there was no aberration in the integrated cassette (Figure 3).
This observation was different from a previous observation made in cotton [6], were a
large number of transgenics were observed not to carry the cry1Ac gene while retaining
5
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Figure 2. Levels of Cry1Ac protein as detected by Quantitative ELISA in the T1 progeny of different expressor lines.

Figure 3. PCR amplifications with-cry1Ac gene (full length), 5’ end of
cry1Ac (1 - 401 bp), 3’ end of cry1Ac (1381 - 1848 bp), 35S double enhancer
promoter and nptII specific primers, on genomic DNA of 6 selected progeny
lines of non-expressor NE1.35 viz. 1.35A, 1.35B, 1.35C, 1.39E, 1.35G and
1.35L, along with untransformed tobacco as control. Lane 1 is 100 bp ladder
(New England Biolab, USA). After an initial denaturation at 94˚C for 5 minutes, 30 cycles of denaturation at 94˚C for 30 s, annealing at temperatures
according to Tm of primer pairs for 30 s and extension at 72˚C for 30 s was
carried out. This was followed by a final extension for 7 min at 72˚C.

the nptII gene.
The amplified fragments of the 35S double enhancer promoter regions, as well as the

cry1Ac gene cassette were sequenced for any possible mutations (small deletions) in the
promoter or possible nonsense mutations in the coding frame, which could account for
non-expression of the Cry1Ac protein in these lines. However, no such aberration or
mutation was observed.
6
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3.5. Analysis of Transcript Level by Semi-Quantitative RT-PCR
Six T1 progeny each of an expressor line (E3.39) and a non-expressor line (NE1.35)
were analysed for the presence or absence of the transcripts encoded by the transgenes,
by RT-PCR (Figure 4). It was observed that all the analysed lines showed the presence
of the nptII transcript. Progeny of the E3.39 line showed the presence of cry1Ac transcript. However, the T1 progeny of line NE1.35 mostly did not show the presence of
cry1Ac, while all these lines showed appreciable levels of the nptII transcript. One of
the lines (NE1.35B) showed amplification at the 5’ end, but none using the primers towards the 3’ end. The observations were reproducible with biological replicates.

4. Discussion
One of the major impediments in developing insect resistant transgenics with cry1Ac
gene is to obtain a line with high levels of Cry1Ac protein, without the phenotype of the
transgenic line being adversely affected [6]. It has been hypothesised that due to these
adverse effects there is an enrichment of transgenic events which either do not express
or express extremely low levels of the Cry1Ac protein. Thus, a large proportion of the
developed transgenic lines are observed to have silenced the cry1Ac gene. The present
work, a continuation of a previous work from the laboratory [6], analyzes the status of
the expression of cry1Ac gene in the T1 generation of transgenic tobacco plants and
tries to identify the reason for the same.
The present study showed that transcriptional silencing of the cry1Ac gene was the
reason for absence of the protein in the non-expressors. The structural integrity of the
gene was found to be intact in these non-expressor lines. The non-expressors were
found to lack the transcripts. Interestingly, the selectable marker, NptII, which was a
part of the same T-DNA fragment, was not silenced in these lines. Thus, this is an

Figure 4. RT-PCR amplifications with-nptII, cry1Ac 3’ end (1 - 401 bp), cry1Ac 5’ end (1381 - 1848 bp) and ubiquitin-conjugate enzyme
specific primers, on the cDNA of: (a) 6 selected progeny lines of non-expressor NE 1.35 viz. 1.35A, 1.35B, 1.35C, 1.39E, 1.35G and 1.35 L,
along with untransformed tobacco and plasmid DNA as control, (b) 6 selected progeny lines of E3.39 viz. 3.39A, 3.39B, 3.39J, 3.39H, 3.39I
and 3.39F, along with untransformed tobacco and plasmid DNA as control. After an initial denaturation at 94˚C for 5 minutes; 25, 30 and
35 cycles respectively, of denaturation at 94˚C for 30 s; annealing at temperatures according to Tm of primer pairs for 30 s and extension
at 72˚C for 30 s was carried out. This was followed by a final extension for 7 min at 72˚C.
7
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example of transcriptional silencing of one specific gene in a transgene construct.
Stability of transgene is a big challenge that plant biologists have to grapple with. The
phenomenon of transgene silencing in higher plants is widely known. It is also known
that gene silencing in plants is a way of warding off potential threat-much like the immune response in animals. Transgenes that resemble cellular invaders are acted upon
by the host defense system, and silenced [10]. There are two well-known mechanisms
through which silencing takes place. The first is associated with de novo DNA methylation, while, the second is post-transcriptional silencing through RNA degradation [11].
Apart from the above two, there can also be mutations in the transgene that result in
silencing. Truncation in the T-DNA integration is one of the most likely causes of
transgene inactivity [12]. As far as the present study is concerned, no such truncations
have been observed. Neither have we observed any point mutations, as analysed by de

novo DNA sequencing. So, we could rule out this mechanism of silencing in the plants
under study.
The present study also showed that the silencing of the cry1Ac gene is heritable. The
T1 progeny lines of the non-expressor lines, continued to not express the cry1Ac gene,
while expressing the linked selectable marker, nptII. Further, the silencing of the

cry1Ac gene seems to be at the transcriptional level. All these observations indicate an
epigenetic silencing of Cry1Ac. As discussed earlier, transgene silencing is a defense
mechanism for plants. A number of studies have shown that plants silence potentially
hazardous genes, or genes that bring about stress to the plant, in order to ensure their
healthy development. This kind of epigenetic silencing is also passed on across generations. What we observe in our study, could also be a similar case. Studies have shown
that level of expression among plants transformed with the same construct can differ
considerably, and in many cases this has nothing to do with copy number [13] [14].
Nonetheless, nothing has been discussed about such variation, as observed in our study,
with regard to the expression of transgenes on the same T-DNA fragment. Though a lot
has been discussed in literature about transgene silencing, the phenomenon of silencing
of one of the transgenes on a single T-DNA fragment, has not been talked about. It
would be interesting to delve deeper into this area. It is also a noteworthy observation,
that the plants that had the cry1Ac gene silenced—were all healthy. This is in contrast
to the plants that expressed high levels of Cry1Ac protein—most of these plants show
phenotypic abnormalities. A study carried out by Barton et al. 1987 [3] demonstrated
that expression of intact Cry1Ac protein in tobacco was lethal to the plant cells. The
only plants that regenerated were the ones that either contained a truncated or an inactive Cry1Ac protein. A similar observation was made by Rawat et al. 2011 [6], where it
was seen that transgenic tobacco plants with no or low Cry1Ac levels would show no
apparent abnormalities, while the ones that expressed high levels of Cry1Ac would either not grow at all, or, show both vegetative and reproductive abnormalities. These
observations further point that the selective silencing of the cry1Ac gene might have
been the plant’s way to combat stress caused by the Cry1Ac toxin. It could also be argued that silencing can occur randomly. In this specific example the T-DNA contains
two expression cassettes viz., cry1Ac and nptII. During transformation of tobacco with
this construct, there could be events where both the cassettes are silenced and also those
8
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where only one of them is silenced. During the process of transformation and selection,
resistance to kanamycin (encoded by nptII gene) acts as a positive selection; thus all selected transgenic events are expected to show the expression of nptII. On the other
hand, presence of Cry1Ac protein adversely affects the growth of the transformants and
thus leads to selection of events where the cry1Ac gene is silenced. Though this is an
interesting observation, additional experiments need to be carried out, to understand
the whole process of the selective silencing better.
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