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The results provide useful information that will help us tar-
get important native genes in the cotton plant in future.
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Introduction

Among the various genome-editing technologies, the 
CRISPR/Cas9 system from Streptococcus pyogenes has 
emerged as a simple, yet relatively efficient method to 
modify a target gene within the genomes of several eukary-
otes, including plants and animals. This system, based on 
the adaptive immune system of prokaryotes against viruses 
and foreign DNA (Barrangou et  al. 2007; Gasiunas et  al. 
2012; Horvath and Barrangou 2010; Jinek et  al. 2012; 
Koonin and Makarova 2009), has been adapted for targeted 
genome modification in eukaryotic cells (Cong et al. 2013; 
Mali et al. 2013a, b). Compared to the older genome edit-
ing methods, that include Zinc Finger Nuclease, TALEN 
and Meganuclease, the CRISPR/Cas9 system is relatively 
simple (Baltes and Voytas 2015; Voytas and Gao 2014). 
While the three older technologies require the design and 
generation of a specific protein sequence that can recog-
nize as well as cleave a target DNA sequence, the CRISPR/
Cas9 system, relies on two components—a guide RNA that 
by RNA-DNA base pairing recognizes the target sequence 
in the genome and a nuclease that cleaves the target DNA 
sequence at a specific location within the target. In prac-
tice, the guide RNA is supplied as a single transcript that 
is approximately 100 nucleotides long and is referred to as 
a single guide RNA (sgRNA). It consists of the first ~20 
nt that are complementary to the desired target and the 
rest comprises of tracrRNA:crRNA that forms a hairpin 
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like structure which interacts with the Cas9 nuclease. This 
sgRNA/Cas9 complex allows for the targeted cleavage 
within a desired DNA sequence that is usually termed 
a protospacer (Cong et  al. 2013; Jinek et  al. 2012; Mali 
et al. 2013a). The most important requirement for the rec-
ognition/cleavage is that the protospacer sequence should 
be followed by an NGG sequence (Protospacer Adjacent 
Motif, PAM) (Jinek et  al. 2012; Sternberg et  al. 2014). 
Thus, sgRNA, in theory, can be designed against any DNA 
sequence as long as it is followed by a PAM sequence. 
The delivery of the sgRNA can be directly in the form of 
RNA molecules or through the transcription of a custom-
ized DNA cassette. The Cas9 component can be supplied 
either directly in the form of protein or as an expression 
cassette (Nelson and Gersbach 2016; Tang and Tang 2016). 
Its ease of use has resulted in the widespread adoption of 
the CRISPR/Cas9 method by various laboratories includ-
ing ones with limited resources. Soon after the efficacy of 
the CRISPR/Cas9 system was established in eukaryotic 
cells, this technology was successfully tested in Arabidop-
sis, tobacco, rice, sorghum and tomato (Brooks et al. 2014; 
Jiang et al. 2013; Li et al. 2013; Nekrasov et al. 2013; Shan 
et al. 2013). A number of important crop plants have also 
been subjected to targeted modifications to introduce use-
ful traits through the use of CRISPR/Cas9 system. Exam-
ples include, wheat resistant to powdery mildew, created 
using both TALENs and CRISPR/Cas9 system (Wang et al. 
2014); tomato fruit ripening regulation using CRISPR/
Cas9-based editing (Ito et al. 2015); drought tolerant maize 
through CRISPR/Cas9 (Shi et al. 2016), and herbicide tol-
erant soybean using CRISPR/Cas9 based editing (Li et al. 
2015c).

Cotton is the most important natural fiber crop that also 
produces a large amount of seeds as a byproduct that is 
used mainly to obtain edible oil and cattle feed. With the 
seed-specific gossypol elimination, cottonseed meal pro-
tein has the potential to become a feed for the more effi-
cient monogastric animals and could even serve as a direct 
source of nutrition for humans (Sunilkumar et  al. 2006). 
Thus, cotton represents a unique crop that provides not only 
fiber, but also feed and food. The cotton plant is also sus-
ceptible to a number of pests and diseases, thus requiring a 
much higher use of chemicals and thus input costs. Hence, 
it offers a large number of traits that could be improved 
through the use of precise, targeted mutation/genome mod-
ification. Unlike model plant species or some other impor-
tant food and horticultural crops, progress in molecular 
breeding of cotton has not occurred at the same pace.

With the recent availability of cotton genome sequence 
(Li et al. 2015a; Zhang et al. 2015), it now becomes pos-
sible to utilize molecular tools such as the CRISPR/Cas9 
system to investigate the function of genes and to deploy 
the basic biological information to improve its agronomic 

performance and quality traits. However, to our knowledge 
there are no published reports demonstrating the use of any 
of the aforementioned technologies in the modification of 
the cotton genome. Currently, most of the genome editing 
methods rely on cell and tissue culture components during 
and following the modification to obtain a plant with the 
desired mutation. The regeneration aspect remains highly 
genotype dependent and difficult for cotton. Most of the 
commercial cotton grown around the world is dominated by 
two species, Gossypium hirsutum and G. barbadense, that 
are allotetraploids, and therefore, present twice the number 
of targets that will need to be modified compared to other 
diploid crops, at least for the traits that require knockout of 
a gene. Given these limitations, we sought to understand 
the process of utilizing the CRISPR/Cas9 system to modify 
the cotton genome. We made use of the Green Fluorescent 
Protein (GFP) gene as the target that is already integrated 
into the cotton genome. In this report, we provide the 
results from experiments wherein we tested three different 
sgRNA constructs and examples of the mutations achieved 
at the target sites.

Materials and methods

Plant material and selection of target sequences

A single copy, GFP-expressing line (homozygous, T3 
generation) was used to test the genome editing efficiency 
using the CRISPR/Cas9 system in cotton. This line was 
generated previously in our laboratory using the pBIN-
mGFP5-ER construct with Agrobacterium mediated trans-
formation protocol (Sunilkumar et  al. 2002; Sunilkumar 
and Rathore 2001). To identify the target sites with differ-
ent activities we used sgRNA Scorer 1.0 web tool (https://
crispr.med.harvard.edu/sgRNAScorer/) as described by 
Chari et al. (2015).

Vector construction

Plasmid vectors (pTC212, pTC241 and pCGS751) used to 
assemble the three binary vectors used in this study were 
kindly provided by Daniel Voytas, University of Minne-
sota. Sequences corresponding to the selected targets were 
used to synthesize oligos (Invitrogen, USA) with appro-
priate overhang sequences (Online Resource 1). Each pair 
of oligonucleotides were annealed, phosphorylated and 
introduced into pTC241 using golden gate cloning method 
with Esp31 restriction enzyme (Thermo Fisher Scientific, 
USA) as described by Cermak et  al. (2015); Cong and 
Zhang (2015) with slight modifications. pTC212 contains 
the Cas9 gene codon optimized for Arabidopsis (Baltes 
et  al. 2014). Cas9 and each sgRNA were cloned into the 
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binary vector pCGS751 by Golden Gate cloning method 
using AarI restriction enzyme (Thermo Fisher Scientific, 
USA) (Cermak et al. 2015; Cong and Zhang 2015) (Online 
Resource 2).

Plant transformation

Cotton transformation protocol was followed as described 
by Rathore et  al. (2015) with minor modifications, wher-
ever necessary. GFP expressing cotton seeds were germi-
nated in jars on MSO medium at 28 °C for 10 days under 
16  h photoperiod in a growth chamber. Hypocotyl, coty-
ledonary petiole and cotyledon explants excised from a 
seedling were infected with Agrobacterium tumefaciens 
(LBA4404) containing the binary vector. Explants were 
co-cultivated on P1-AS medium for 3 days under light at 
25 °C and then transferred to selection medium containing 
hygromycin (P1-c4h15) under light at 28 °C in a growth 
chamber. After 42 days of culture, callus tissue (3 mm or 
larger) representing an individual transgenic event, growing 
at cut surface of the explant was carefully excised under a 
stereomicroscope. Excised calli were placed on P7-c4h15 
medium and incubated in the growth chamber under dif-
fused light with monthly subcultures on MSEm medium. 
Somatic embryos that regenerated were transferred to EG3 
medium for germination. T0 plantlets that grew from the 
somatic embryos on the EG3 medium were placed on MS3 
medium for further growth and development.

Fluorescence observations and scoring

Stable transgenic events, in the form of hygromycin-resist-
ant microcalli, growing out from the cut surface of the 
explant were visualized with a Zeiss M2 BIO Fluorescence 
Combination Zoom Stereo/Compound microscope. The 
microscope is equipped with a GFP filter set comprising an 
exciter filter (BP 470/40 nm), a dichromatic beam splitter 

(495 nm) and a barrier filter (LP 500 nm). The light source 
was an HBO 100 W mercury lamp. Photographs were taken 
with a Zeiss AxioCam color digital camera coupled to the 
microscope. Images were captured using the Zeiss Axio-
Vision 3.0.6 software. Loss of GFP expression, concomi-
tant with the appearance of plastid-based red fluorescence 
reflected the activity of CRISPR/Cas9 system. Progres-
sion of the loss of GFP fluorescence was observed peri-
odically. At 26 days post infection (dpi), the total number 
of individual callus lines originating from the explant and 
the number of events showing the loss of GFP expression 
were counted. Following the excision of individual events 
from the explant at 42 dpi, these were cultured further on 
selection and callus proliferation medium. At 70 dpi, the 
excised calli were again monitored for fluorescence. Indi-
vidual lines were placed into three categories based on their 
fluorescence: (1) completely silenced >90% callus mass 
showing red fluorescence; (2) chimera 10–90% of the cal-
lus mass showing silencing; (3) no silencing (90–100% cal-
lus mass showing GFP fluorescence).

Characterization of the mutations

At 120 dpi, genomic DNA was isolated from the calli that 
were growing on hygromycin medium using a protocol 
described by Chaudhry et al. (1999), with some modifica-
tions. Callus tissue was lysed in the extraction buffer using 
Tissuelyser II (QIAGEN). Following chloroform:isoamyl 
alcohol (24:1) extraction, the DNA was precipitated with 
isopropanol and washed with 70% ethanol. Air-dried DNA 
pellet was resuspended in 100  µl TE buffer and stored at 
−20 °C until further use. T0 plants were sacrificed to iso-
late genomic DNA to characterize the nature of mutations. 
A common set of primers (CAS9.GFP.M-F and CAS9.
GFP.M-R) was used to amplify the GFP fragment that con-
tains all three targets as shown in Fig. 1. Primer sequences 
are provided in Online Resource 1. PCR was performed 

Promoter

Terminator

GFP
T1 T3T2

Target1(T1): GGGCACAAATTTTCTGTCAGTGG
Target2(T2): CTTGTCACTACTTTCTCTTATGG
Target3(T3): GATACCCAGATCATATGAAGCGG

(A)

(B)

Fig. 1  a Schematic representation of the target sites in the GFP 
coding region showing the location of targets T1, T2 and T3. Black 
arrows show the primer binding sites. These primers were used 
to amplify the GFP fragment for sequence analysis. b Three differ-
ent target sequences were selected based on the scores generated by 

a web-based sgRNA design tool, sgRNA Scorer [T1 (51.2), T2 (2.2) 
and T3 (91.2)]. Underlined is the 20-nucleotide target sequence and 
yellow highlighted nucleotides represent the PAM (protospacer adja-
cent motif) sequence
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using Phusion High-Fidelity DNA polymerase (New Eng-
land BioLabs Inc.). PCR products were electrophoresed on 
1% agarose gel and the amplicon was purified and eluted 
using QIAquick Gel Extraction kit (QIAGEN). The ampli-
con was sequenced with both forward and reverse primers 
by Sanger sequencing. To identify different indels that were 
generated by CRISPR/Cas9-mediated double stand breaks 
(DSB) followed by non homologous end joining (NHEJ), 
we used a web-based tool, CRISP-ID as described by 
Dehairs et al. (2016). This program is able to resolve two to 
three different mutations.

In cases where the amplicon contained three or more 
indels, the PCR product was cloned into a pMiniT vec-
tor using NEB PCR cloning kit (New England Biolabs 
Inc.) and transformed into E. Coli, DH5α. Plasmid DNA 
was isolated using the QIAprep Spin Miniprep (QIAGEN) 
plasmid isolation kit from individual colonies that were 
grown overnight on ampicillin selection medium. The 
insert within the plasmid was sequenced, using the CAS9.
GFP.M-F primer, to identify the nature of mutation.

Results

Selection of target sequences

We used sgRNA Scorer 1.0 (Chari et al. 2015) to identify 
guide RNA sequences within the GFP gene and obtained 
82 possible sequences with varying ranks. Three different 
target sites were selected from this list for the current study: 
Target1 (T1: 133–152 bp), Target2 (T2: 241–260 bp), and 
Target3 (T3: 281–300 bp). These targets were chosen based 
on their predicted ranking scores of medium, low and high 
levels (51.2, 2.2 and 91.2, respectively). A schematic repre-
sentation of the target sites T1, T2 and T3 within the GFP 
coding sequence is shown in Fig.  1a. Target sequences 
(underlined) and the respective PAM sequences (yel-
low highlight) are presented in Fig.  1b. Online Resource 
1 shows the custom-built oligos for each of the targets 
(underlined). For T2 we introduced an additional base, G 
at the 5′-end of the target sequence as a requirement for 
the U6 promoter to initiate transcription. The required 
overhang sequences that facilitate the golden gate method 
of cloning are not underlined (Online Resource 1). Oli-
gos were annealed and introduced into pTC241. The final 
assembled vector contains hpt gene as a plant selectable 
marker, one of the sgRNA cassette, and Cas9 cassette in the 
same T-DNA (Online Resource 2).

Visual detection of GFP knockout mutations

Hypocotyl, petiole and cotyledon explants from GFP-
expressing seedlings were transformed with one of the 

three constructs and subjected to hygromycin selection. 
Around 15 dpi, microcalli, representing stable transgenic 
events, began to appear on the cut surface of the explants. 
After that, the explants were closely monitored under a 
fluorescence microscope for GFP silencing. First muta-
tion reflecting the silencing of the GFP gene was observed 
with sgRNA3 construct at 20 dpi. At 26 dpi, total number 
of microcalli that grew on each explant were counted and 
their fluorescence status was also scored. Forty explants 
in each category were scored, with the exception of peti-
ole explants transformed with sgRNA2 construct. In this 
case, only 24 explants were scored because one plate was 
lost due to contamination. A particular event was consid-
ered silenced whether it showed partial or complete silenc-
ing in the callus mass. Transformation efficiencies varied 
among the three constructs and different type of explants 
(Fig.  2). Overall, the highest efficiencies were observed 
with sgRNA3 at 49.8% of silenced events, followed by 
43.4% for sgRNA2 and 25.1% for sgRNA1, that showed the 
lowest percentage of silenced events. Thus, sgRNA3 was 
the most efficient, while sgRNA1 showed the least activity. 
Periodic monitoring of the explants had indicated that as 
the microcalli grew, the silenced tissue within these grew at 
a degree higher than what could be accounted for by the tis-
sue growth. To confirm this observation, we followed some 
explants up to 40 dpi. An example is presented in Fig.  3 
that shows a dramatic increase in the proportion of silenced 
tissue compared to the growth of the callus itself, especially 
by day 40.

Individual transgenic events were excised from all the 
explants at 42 dpi and subcultured on callus proliferation 
medium under hygromycin selection. At 70 dpi, these calli 
were scored for their fluorescence status. Figure  4 shows 
examples from three categories used for scoring. Figure 4b 
shows a callus that showed complete silencing of GFP, 
while the image depicted in Fig.  4d shows chimeric cal-
lus. GFP fluorescence remains undiminished in the callus 
shown in Fig.  4f suggesting that the GFP gene remained 
unmutated and functional. Highest number of completely 
silenced calli (43%) was observed with sgRNA3, followed 
by sgRNA2 (40%), and sgRNA1 (6%) (Fig.  5). sgRNA1 
also showed the highest percentage of chimeric calli and 
more events without any mutations. Based on the very 
low efficiency of GFP silencing with sgRNA1, the culture 
lines for Target 1 were not advanced further for regenera-
tion. Only the lines obtained from targeting with sgRNA2 
and sgRNA3 were maintained in culture to induce somatic 
embryogenesis followed by recovery of T0 plantlets.

Molecular characterization of the mutations

To analyze the nature of mutations in the GFP gene 
caused by CRISPR/Cas9, leading to its silencing, ten 
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individual completely silenced calli from sgRNA1 and 
sgRNA3 transformations and 20 such calli from sgRNA2 
transformation were selected for sequencing. Also, ten 
calli obtained following transformation with the sgRNA2 
construct that were still showing GFP expression were 
selected to examine if these carried any mutations at all. 
PCR was performed on the genomic DNA of selected 
calli using the primers, CAS9.GFP.M-F and CAS9.
GFP.M-R. Representative gel profile that shows the 

amplification of the GFP fragment for both sets of calli is 
shown in Online Resource 3.

DNA sequencing was performed on PCR products using 
the same forward and reverse primers that were also used to 
amplify the fragment. No mutations were observed in any 
of the ten calli that continued to show GFP expression at 
120 dpi. All the GFP-silenced calli showed various types 
of indels. One silenced event, resulting from transformation 
with the sgRNA2 vector, showed only one type of mutation. 
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Fig. 2  Efficiency of Cas9-mediated mutation of the GFP gene in 
the callus tissue originating from hypocotyl, petiole and cotyle-
don explants observed at 26 days post transformation. Three differ-
ent guide RNAs (sgRNA1, sgRNA2 and sgRNA3) were used, each 

targeting a different region of the GFP coding sequence. Numbers 
shown under each explant: number of independent transgenic events 
scored for the presence or absence of GFP fluorescence/number of 
explants examined

Fig. 3  Progression of CRISPR/Cas9-mediated mutation of GFP gene 
in the callus tissue originating from a cotton hypocotyl piece trans-
formed with the sgRNA2 construct. The same hypocotyl explant was 
photographed with the aid of a fluorescence microscope at a 26 dpi, 

b 30 dpi, and c 40 dpi. Blue arrow shows the growth of callus show-
ing GFP fluorescence. Red arrow shows the callus wherein GFP has 
undergone mutation and rendered non-functional
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This mutation observed in the event T2_1 is shown in 
Fig. 6 and Online Resource 4B. This was surprising given 
the fact that the GFP-expressing material that was subjected 
to CRISPR/Cas9 treatment was homozygous and thus had 
two allelic copies of the GFP transgene. Event T2_1 repre-
sented the only example of a homozygous mutation that we 

found out of 40 silenced callus lines that were examined. 
The DNA from the remaining silenced calli showed bi-
allelic (two types of mutations, one on each allelic copy) or 
more than two mutations. Direct Sanger sequencing of the 
region surrounding the target showed multiple, overlapping 
peaks resulting from more than one indels, thus making 

Fig. 4  Silencing of the GFP gene in the callus tissue, 70 days fol-
lowing transformation. The callus was excised from the transformed 
explants 42 days following transformation and grown under hygromy-
cin selection. Three different types of callus tissues are depicted. a, b 

Completely silenced, c, d chimeric callus showing silencing in a part 
of the tissue, e, f no silencing observed. For each callus, a bright field 
micrograph and its corresponding fluorescence image are shown

Fig. 5  Fluorescence status of 
individual callus scored at 70 
days following transformation 
in response to three differ-
ent sgRNA constructs. Calli 
were observed visually under 
a fluorescence microscope and 
classified under three different 
categories. Green 90–100% 
of callus mass showing GFP 
florescence; Yellow chimeric 
callus (10–90% callus showing 
silencing); and Red 90–100% of 
callus mass showing silencing 
of GFP
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it difficult to resolve the sequences. Examples of chroma-
tograms showing no mutation, homozygous, bi-allelic or 
chimeric indels are shown in Online Resource 4. To dis-
tinguish these mutation types, we used a web-based tool 
CRISP-ID, which can predict up to three allelic mutations 
from a single Sanger sequencing trace (Dehairs et al. 2016). 
The mutations that we were able to resolve using this pro-
gram, are shown in Fig. 6. Examples include indels gener-
ated by targeting each of the three selected sequences. In 
some cases, this program was unable to resolve sequences 

even when only two overlapping peaks were visible on the 
chromatogram. In cases where we were unable to resolve 
the mutations, the PCR product was cloned into pMiniT 
vector and transformed into E. coli. Plasmid isolated from 
individual colony cultures were sequenced. Some exam-
ples of the results obtained for each of the three sgRNAs 
are shown in Online Resource 5. For callus T1_14 which 
resulted from sgRNA1-mediated mutation, two types of 
indels are seen. Also, in the case of callus T2_9, resulting 
from sgRNA2-mediated mutation, two types of indels were 

Fig. 6  Examples of mutations ascertained by sequencing PCR prod-
ucts that were amplified from the genomic DNA of calli at 120 dpi. 
Loci T1, T2, T3 were targeted using sgRNA1, sgRNA2 & sgRNA3, 
respectively. Underlined target sequence in the wild-type GFP gene; 
yellow highlighted PAM sequence; WT wild-type sequence; Callus 

number: 1, 2, 3, 5, 6, 7, 12, 13, 15, 18, 19, 21, 25, 26, 28, 30; A, B, C: 
various mutations detected in the same callus. Homozygous mutation 
is indicated with an asterisk symbol. Types of indels are shown on 
the right side of each sequence. Nucleotide substitution or insertion is 
shown in lower case
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detected. Callus T3_27 was obtained following transforma-
tion with a vector containing sgRNA3. In this instance, we 
were able to detect four different types of indels.

Molecular characterization of mutations in T0 plantlets

Similar analysis for mutations was conducted on DNA 
from T0 plantlets obtained from cultures resulting from 
sgRNA2- and sgRNA3-mediated mutations. Nine T0 
plantlets obtained from individual culture lines following 
sgRNA2-mediated knockout of GFP were examined for 
the nature of mutations. Two plants showed homozygous 
mutations, while the remaining seven showed bi-allelic 
indels. From the cultures obtained following targeting 
with sgRNA3, we obtained six T0 plantlets. In this case 
we observed a homozygous mutation in one plant and 
bi-allelic indels in the remaining five plants. Mutations 
obtained from each of these plants were easily resolved by 

CRISP-ID and are shown in Fig. 7. Examples of chromato-
grams showing homozygous and bi-allelic indels are shown 
in Online Resources 6 and 7.

Discussion

The CRISPR/Cas9 system represents a revolutionary new 
genome-editing tool that has found widespread adoption by 
the scientific community to conduct both basic and applied 
research. Compared to the older genome editing technolo-
gies, it is simpler, more flexible, permits multiplexing, and 
above all more affordable (Char et al. 2017; Li et al. 2013, 
2015b; Voytas and Gao 2014; Xing et al. 2014). The origi-
nal defense system from the prokaryotes has been simpli-
fied and streamlined such that only two components, Cas9 
enzyme and a customized sgRNA, are required to generate 
an indel (DSB followed by NHEJ) at the target site in the 

Fig. 7  Examples of mutations ascertained by sequencing PCR prod-
ucts that were amplified from the genomic DNA obtained from T0 
plants. Loci T2, and T3 were targeted using sgRNA2 and sgRNA3, 
respectively. Underlined target sequence in the wild-type GFP gene; 
yellow highlighted PAM sequence; WT wild-type sequence; Plant 

numbers: P1-P15; A, B: bi-allelic mutations detected in a single 
plant. Homozygous mutations are indicated with an asterisk symbol. 
Types of indels are shown on the right side of each sequence. Nucleo-
tide insertion is shown in lower case
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genome. This ability to introduce DSB at a precise target 
site has been further extended to create a precise nucleo-
tide substitution or insertion of a desired DNA sequence 
through homology-dependent repair (HDR). The CRISPR/
Cas9 system has been used successfully in many plant spe-
cies (Bortesi and Fischer 2015; Seth and Harish 2016). As 
stated earlier, none of the genome editing technologies has 
been used to modify the cotton genome. This is largely 
due to the recalcitrant nature of cotton transformation, the 
unavailability of cotton genome sequence (until recently), 
and its large genome size. With the recent availability of 
the draft genome sequence of G. hirsutum and some infor-
mation on its transcriptome, it should be possible to initi-
ate studies designed to improve this unique crop plant (Yan 
et  al. 2016). As a first step towards addressing this defi-
ciency, we conducted the study described herein to under-
stand the process and to learn the limitations of the technol-
ogy for cotton improvement. We made use of a transgenic 
cotton line that has a single copy T-DNA insert containing 
a GFP expression cassette.

Efficiency of Cas9-mediated editing depends on the 
target site, nucleotide composition, GC content, and sec-
ondary structures of sgRNA (Liang et  al. 2016; Ma et  al. 
2015). To optimize the frequency of mutations, multiple 
target sites with different cleavage efficiencies need to be 
tested in the desired gene (Baysal et al. 2016). We selected 
three different target sequences with predicted low, medium 
and high efficiencies using a web-based tool sgRNA Scorer 
1.0 (Chari et al. 2015). Based on the efficiency predictions, 
we assembled sgRNA1 that has a medium score of 51.2, 
sgRNA2 with a low score of 2.2, and sgRNA3 with a high 
score of 91.2. The use of GFP gene as the target allowed 
us to follow the putative mutations easily. Although earli-
est loss of GFP fluorescence was observed at 20 dpi, it is 
possible that the mutation responsible for the phenotype 
had occurred much earlier. At 26 dpi, GFP silenced calli 
were counted under a fluorescence microscope to ascer-
tain the differences in the activity levels among the three 
sgRNAs. Overall, sgRNA3 resulted in the highest levels of 
silencing phenotype, closely followed by sgRNA2, whereas 
sgRNA1 proved to be the least efficient. Thus, for sgRNA3, 
the observed efficiency was consistent with that predicted 
by the sgRNA Scorer 1.0 tool. Interestingly, sgRNA2 per-
formed almost as efficiently as sgRNA3 even though its 
predicted efficiency was only 2.2. sgRNA1 with a predicted 
score of 51.2, in the medium range, proved to be the least 
efficient among the three sgRNAs tested in this study. The 
results depicted in Fig. 3 show that there is a progressive 
increase in the number of transgenic events that show GFP 
silencing. The results depicted in this figure also show that 
from 30 dpi to 40 dpi, the area of the callus that shows 
silencing of GFP has grown at much faster rate than the 
actual growth of the callus itself. One possible explanation 

for this is that the GFP protein is highly stable in the cotton 
cells and it takes 1–2 weeks for the fluorescence signal to 
completely disappear. As discussed earlier, another possi-
bility is that in a single transgenic event, following several 
cell divisions, more than one cell undergoes CRISPR/Cas9-
mediated mutations independently, at different time points. 
It will take an intensive investigation to determine the 
causes underlying these observations, however, it is beyond 
the scope of current study.

In order to avoid the mixing of different transgenic 
events, individual transgenic calli growing on the cut sur-
faces of explants were excised carefully and grown further 
on selection/proliferation medium. Excision of independ-
ent events from the original explant and further subculture 
of each is a normal practice that we follow for any cotton 
transformation experiment. The cultures, each growing 
separately, were scored again at 70 dpi to ascertain if the 
differences in the efficiency among the three sgRNAs per-
sisted. Overall, we observed 53–73% of editing efficiency, 
taking into account both chimera and completely silenced 
calli, using the three different sgRNAs. Again, highest 
silenced events were observed with sgRNA3 showing 43% 
completely silenced calli, closely followed by sgRNA2 at 
40%, while sgRNA1 was the least efficient at 6%. Such 
discrepancies between the predicted and observed efficien-
cies have also been observed in some other studies. Baysal 
et al. (2016) tested two sgRNAs against the rice OsBEIIb 
gene. The predicted score for one of the sgRNAs was 
96%, however, it did not result in any mutations. Another 
sgRNA, with a predicted score of 39%, provided a muta-
tion efficiency of only 5%. A study conducted by Wang 
et  al. (2016) also reported discrepancies between the bio-
informatically predicted sgRNA scores for several targets 
in the wheat genome and the observed editing efficiencies. 
Currently, there are several tools available to design sgR-
NAs other than sgRNA Scorer 1.0 that was used to select 
the target sequences in the current study (Doench et  al. 
2014; Heigwer et  al. 2014; Prykhozhij et  al. 2015; Wong 
et  al. 2015), and also some especially for designing plant 
sgRNAs and to avoid off-target effects in certain plant spe-
cies (Brazelton et al. 2015; Lei et al. 2014; Xie et al. 2014). 
More recently, Wong et al. (2015) developed a guide RNA 
designing tool (WU-CRISPR), based on many novel fea-
tures that underlie the potency of highly effective sgRNAs. 
This was done by reanalyzing a pool of 1841 sgRNAs in a 
public dataset (Doench et  al. 2014). They considered dif-
ferent characteristics of sgRNA such as GC content, sec-
ondary structure, contiguous stretch of the same nucleo-
tides, and free accessibility of the seed region for target 
recognition (i.e. avoiding the use of U at position 19 and 
use of C or U at position 20 in the guide sequence). When 
the GFP sequence was analyzed using this particular tool, 
we obtained only 13 possible target sequences. Only one of 
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the sequences targeted with sgRNA3 in the current study 
was found in this list, with a potency score of 77. The same 
sequence received a ranking of 91.2% in the sgRNA Scorer 
1.0. Targets T1 and T2 were excluded by WU-CRISPR 
because T1 has four contiguous thymines and the 19th 
base in T2 is a thymine. Despite the fact that T2 was not 
selected as a target by WU-CRISPR, sgRNA2 was almost 
as effective as sgRNA3 in knocking out GFP. All 13 tar-
get sequences identified by WU-CRISPR were present in 
the set of 81 target sequences predicted by sgRNA Scorer 
1.0. However, the potency score assigned to each of these 
sequences by the two bioinformatics tools was different. As 
the capabilities of the sgRNA designing tools are improved 
and more plant species are included in the search criteria to 
avoid off-target effects, it may become possible to select the 
most efficient target sequences for a gene of interest.

In order to confirm whether the silencing of the GFP 
was due to mutations caused by the CRISPR/Cas9 system, 
we examined the sequence of the PCR amplicon corre-
sponding to the GFP gene in the calli that showed complete 
silencing and also those that did not show any silenc-
ing. Some examples of the indels generated in the GFP-
silenced calli in response to each of the three sgRNAs are 
shown in Fig. 6 and Online Resource 5. Online Resource 4 
shows representative sequencing chromatograms for three 
types of mutations (homozygous, bi-allelic and chimeric) 
detected in individual callus lines. As mentioned earlier, 
only one type of mutation was observed in one of the trans-
genic events (T2_1). A 39 bp deletion of exactly the same 
sequence from both allelic copies of the resident GFP gene 
was detected in this line, suggesting that this line repre-
sented a homozygous mutation. The slightly smaller size 
of PCR amplicon obtained from this event also provides 
some indication of the relatively large deletion from both 
the GFP alleles (lane #11, Online Resource 3). In cotton, 
regeneration of plants occurs via somatic embryogenesis 
following a long period of culture (6–10 months). Since 
a somatic embryo originates from a single cell, the GFP 
knockout T0 plants should show no more than two types 
of indels, unlike some of the callus lines described above. 
Indeed, the results presented in Fig. 7 show that 12 plants 
have two different indels each (seven plants for target 2 and 
five for target 3). Two plants out of nine examined for target 
2 and one out of six for target 3 showed homozygous muta-
tions. Zhang et al. (2014) found that 3.8% of all the T0 rice 
plants (7.7% of all the plants with targeted mutations) car-
ried homozygous mutations. In another study on rice, Ma 
et al. (2015) observed a much higher rate of homozygous 
mutations. Of all the mutant plants, 27.8% carried homozy-
gous mutations. In an investigation on tomato, Pan et  al. 
(2016) reported that an average of 11.36% T0 plants con-
tained homozygous mutations for the SlPIF4 gene. Thus, 
the homozygous mutation observed in our study appears 

to be a common occurrence. One explanation for our result 
is that CRISPR/Cas9-mediated DSB followed by NHEJ 
resulted in exactly the same indel in each allelic copy of the 
GFP in the chromosome pair. However, culture line T2_1 
showed a homozygous mutation of 39 bp deletion. Given 
the relatively large size of the deletion, it is unlikely that 
DSB followed by NHEJ resulted in such a homozygous 
mutation. Another possible explanation for homozygous 
mutation was put forward by Ma et  al. (2015). They sug-
gested that following the DSB-NHEJ-mediated indel in 
one allele, homology directed repair mechanism uses this 
mutated copy as a template to generate the same muta-
tion in the second allele in the sister chromosome that has 
undergone a Cas9-sgRNA-directed DSB at the target site. 
Those callus lines that show chimeric indels (more than 
two types of mutations) may be a result of mixing of two 
separate transformation events. It is also possible that in 
a given transformation event, that has undergone multiple 
cell divisions, the CRISPR/Cas9 system leads to muta-
tions at different time points in two or more cells. Based 
on their results on rice, Zhang et  al. (2014) and Xu et  al. 
(2015) found that the WT copy of the target gene in het-
erozygous and chimeric plants could continue to mutate 
either in T0 or T1 generation. Similarly, Pan et al. (2016) 
observed that in chimeric tomato plants that comprised 
of cells/tissues with and without mutations, the CRISPR/
Cas9 complex continued to generate mutations in the WT 
alleles. Thus, in the current study, it is not surprising to find 
a group of cells that carry multiple mutations in the cal-
lus tissue. None of the callus lines that continued to exhibit 
GFP expression, showed a mutation in the target sequence 
suggesting that the cells in these lines carried ‘WT’ cop-
ies of the GFP gene. This could be due to multiple reasons. 
It may be that these events lacked the intact T-DNA, with 
full or partial loss of sgRNA/Cas9 cassettes. As described 
above, it is also possible that the sgRNA/Cas9 complex had 
not yet generated mutations in the GFP genes present in the 
cells of these events. It was beyond the scope of the current 
investigation to follow these events on a long-term basis.

In conclusion, we have demonstrated the ability of the 
CRISPR/Cas9 system to generate DSB-based mutations 
at a desired target site within the genome of cotton cells. 
The results also suggest the efficiencies of several sgRNAs 
should be examined beforehand for each gene of interest to 
find the best possible protospacer sequence(s). Even though 
we observed mutations with all three of the sgRNAs, in 
silico predictions of the sgRNA efficiencies did not match 
those observed in this study. Commercial kits have become 
available to examine the cleavage efficiency of sgRNAs 
in vitro. The most optimum sgRNA thus identified can then 
be used to target the gene of interest in vivo. Obviously, the 
lack of off-target effect for the chosen sgRNA is another 
important consideration. Being a tetraploid, the commercial 
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cotton will present twice the number of targets (even in case 
of single copy genes) that need to be mutated compared to 
the GFP transformants examined in the current study. Thus, 
it becomes all the more important to select the best possible 
protospacer sequence within the gene of interest. Certainly 
the long culture period required for regeneration of a cotton 
plant will help ensure that all four target sites of a given 
native gene of interest are mutated in some of the plants 
that are recovered. The results obtained from wheat (Wang 
et al. 2016, 2014; Zhang et al. 2016), a hexaploid, suggest 
that it should be possible to apply this powerful new tech-
nology for the improvement of cotton. Specifically, Zhang 
et al. (2016) used a gene gun-based transient expression of 
Cas9 and sgRNA to target six different genes in hexaploid 
wheat and obtained efficient editing of each of these genes 
with no detectable transgene integration. When TaLOX2 
was the target, they obtained as many as 76 mutation events 
from 800 embryos that were bombarded, and of these 34 
plants carried mutations on all six alleles. Although we 
have used the Agrobacterium-mediated stable transforma-
tion to conduct gene editing in cotton in the current study, it 
may also be worth exploring particle bombardment-based 
transient expression to target native genes in this species.
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