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Abstract

Banana (Musa spp.) is an important tropical crop. Banana industry is under biotic and abiotic stresses such as Fusarium wilt,
typhoon, cold stress. Genetic engineering offers a powerful strategy to create germplasm of banana with enhanced resist-
ance. The safety of genetically modified organisms has become a bottleneck restricting the popularization and application
of genetically modified technology. In this study, a candidate promoter, LEAFY (LFY) for expression and flower initiation
in Arabidopsis, was cloned and constructed to ‘Gene-deletor’ vector. Histochemical $-glucuronidase (GUS) staining results
showed that the ‘Gene-deletor’ vector driven by LFY promoter could lead to 88.5% excision efficiency from Arabidopsis
seeds based on more than 200 T, progeny examined per event. GUS staining was found to be partially negative in transgenic
bananas, however, polymerase chain reaction could still detect the presence of large fragments of the vector. These results
suggest that although LFY promoter could not completely drive the ‘Gene-deletor’ vector to achieve the effect of complete
elimination of exogenous gene in bananas, its efficiency of eliminating exogenous gene laid a theoretical foundation for
cloning banana fruit-specific promoters, that is, ‘non-transgenic’ GM bananas.

Key message

These results suggest that LFY promoter could not completely drive the ‘Gene-deletor’ vector to achieve the effect of com-
plete elimination of exogenous gene in bananas. Nevertheless, a certain effect of exogenous gene elimination laid a theoretical
foundation for the next step of screening banana fruit-specific promoters, removing all exogenous genes from banana fruits,
and solving the food safety problem of genetically modified bananas.
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Abbreviations
LFY LEAFY
GM Genetically modified

GMO  Genetically modified organisms
GUS Histochemical pB-glucuronidase
PCR Polymerase chain reaction
ECS(s) Embryogenic cell suspension(s)
Nptll ~ Kanamycin gene

WT Wild type

NAA a-Naphthylacetic
HPT Hygromycin B gene
Cef Cefotaxime

BA 6-Benzyl adenine

TAA Indole-3-acetic acid
2,4-D 2, 4-Dichlorophenoxyacetic acid
Introduction

Banana (Musa spp.) is not only one of the world’s major
fruit crop, but also the staple food of nearly 400 million
people in more than 130 countries in Africa, America and
Asia, with important economic value (Rustagi et al. 2015;
Wei et al. 2016). However, the performance of the banana
industry is affected by biotic and abiotic stresses such as
Fusarium wilt (Czislowski et al. 2018; Dale et al. 2017),
cold stress (Dou et al. 2016), typhoon (Yu et al. 2014).
Most banana cultivars are triploid, with long generation
times, and sterility, hence, it is difficult to cultivate new
resistant banana germplasm by means of cross breeding
(Ghag et al. 2014; Tripathi et al. 2008; Yip et al. 2011).
In addition, the selection and breeding of new varieties by
screening mutants has certain randomness and requires
longer periods of time (Hasan et al. 2013). The develop-
ment of transgenic technology provides new strategies for
breeding resistant bananas (Maziah et al. 2007; Sagi et al.
1995; Tripathi et al. 2008). However, the issue of safety
with respect to transgenic plants has become a serious
constraint for the promotion and application of transgenic
technology, and this constraint needs to be resolved at the
earliest (Gao et al. 2007; Luo et al. 2007; Tuteja et al.
2012; Wu et al. 2008).

In recent years, a number of biotechnological approaches
have emerged to address biosafety issues associated with
genetically modified organisms (GMO). These include, use
of non-selective marker gene (Khan et al. 2010; Miller et al.
2002), safety marker gene and elimination marker gene
(Hohn et al. 2001), male sterility (Muhammad 2005), seed
sterility or seedless (Daniell 2002), pollen sterility (Paoletti
and Pimentel 1996), chloroplast transformation (Bock 2001;
Grevich and Daniell 2007), terminator technology (Daniell
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et al. 2005). However, these techniques are as yet imperfect
or not acceptable (e.g. terminator gene). Due to the low effi-
ciency of exogenous gene elimination, the environmental
safety problem of transgenic plants cannot be fundamentally
resolved. ‘Gene-deletor’ techniques can facilitate removal
of proves that the exogenous genes in transgenic plants
from specific organs after the completion of their functions,
providing an effective way to solve the biosafety issues of
transgenic plants (Li et al. 1992; Luo et al. 2007). This tech-
nology utilizes a combination of two site-specific recombi-
nant enzyme components, i.e. the Cre/LoxP system derived
from bacterial phages (Chong-Perez et al. 2013; Odell et al.
1990; Zhang et al. 2003) and FLP/FRT from yeast (Woo
et al. 2009). The two sets of site-specific synthetic recom-
binase components are comprehensively utilized to drive
the recombinase FLP or Cre to express at a suitable time
and site, using a specific promoter (Luo et al. 2007). The
recombinase recognizes the fusion recognition site LF, and
eliminates the sequence between the two fusion recognition
sites (including recombinant enzyme gene sequence) from a
specific plant organ cell genome at a specific time (Li et al.
2007). This system is one of the most effective and safe
transgenic methods. It is not only more efficient, but also
eliminates the exogenous genes in the reproductive materials
(Li et al. 2007). Through this system, the exogenous genes of
interest in the transgenic plant can be expressed normally in
the tissues (such as the root, stem and leaf), thereby achiev-
ing their biological functions (such as insect resistance, dis-
ease resistance, herbicide resistance). However, the exog-
enous genes in the organs (e.g., pollen, seeds, fruit) that are
not required, can be automatically deleted (Luo et al. 2007).

Therefore, cloning specific promoters of site-specific
recombination systems based on traits of crops, trees,
fruit trees, vegetables, flowers and grasses are key factor
determining the elimination efficiency of GM genes (Luo
et al. 2007; Watrud et al. 2004). At present, this system
has not been applied to the production of dessert bananas
and the feasibility of its application is unknown. It is of
great theoretical and practical significance to establish a
technical system for the specific elimination of exogenous
genes in banana fruits.

In this study, we explored the use of fusion site-spe-
cific recombinase system to eliminate exogenous genes in
transgenic banana, in order to produce non-transgenic but
genetically modified bananas. We cloned and constructed
the LEAFY (LFY) promoter-driven recombinase FLP
specific-gene elimination vector. Preliminary validation
in Arabidopsis showed that the ‘Gene-deletor’ vector we
constructed could effectively remove exogenous genes
from Arabidopsis fruit. Then, the genetically transformed
banana was used to verify the feasibility of the system, and
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the results showed that the exogenous genes in transgenic
bananas had been removed successfully. These findings
indicate that the LFY promoter can drive the recombinase
FLP to exert a certain role in exogenous gene elimination
in bananas. The elimination efficiency of this system needs
to be further analyzed by the specific promoter of cloned
bananas.

Materials and methods
Plant materials, strains, and transformation vectors

Cavendish (Musa spp. cv. Brazil; AAA Group) banana
embryogenic cell suspension and Arabidopsis thaliana
Columbia were conserved by the banana group of the
Institute of Fruit Tree Research, Guangdong Academy of
Agricultural Sciences. Various restriction enzymes, Taq
enzymes, In-Fusion ligases and kits were purchased from
TaKaRa company, Japan. Kanamycin (Kan), Cefotaxime
(Cef), 6-benzyl adenine (6-BA), Indole-3-acetic acid (IAA),
2, 4-Dichlorophenoxyacetic acid (2, 4-D) and a-Naphthyl
acetic acid (NAA), biotin and myo-inositol were purchased
from Sigma USA. All other chemical reagents were domes-
tically acquired analytical reagents. Bacterial strains of
Escherichia coli DH5a and Agrobacterium tumefaciens
strain EHA 105 were kept in the laboratory as a reserve.
Intermediate vector PMD18-T was purchased from TaKaRa
company. The pPCAMBIA-PAB-polseed-FLP vector was pro-
vided by Professor Yi Li of the University of Connecticut.
Various media and their formulations used for genetic trans-
formation of bananas are listed in Table S1 (Dou et al. 2016).

LEAFY (LFY) promoter cloning

LFY promoter sequences were downloaded according to the
information provided in the A. thaliana genome database
(http://www.arabidopsis.org/index.jsp). In order to facili-
tate the construction of the vector, according to the basic
information of pPCAMBIA-PAB-polseed-FLP vector, restric-
tion sites of BamHI and Sall, and the protection base were
introduced in the upstream and downstream of the primer,
respectively, and the extended fragment was about 2354 bp,
and the primer sequence was:GSP1-F:5'-GCCGGATCC
AGATCTGTTAACGCGAAGAAAGCAAGAAGAAAG
TTG-3' (BamHI), GSP1-R:5-GCGTCGACAATCTATTTT
TCTCTCTCTCTC-3' (Sall). Genomic DNA of A. thaliana
genomic DNA was extracted using TaKaRa column recovery
kit instructions (Code No. 9765, TaKaRa, Dalian, China).
The PCR amplification was conducted using Arabidopsis
genomic DNA as PCR template and the GSP1 stated above
as the primer. The amplification procedure was as follows:

pre-denaturation at 94 °C for 3 min, 94 °C for 45 s, 60 °C
for 30 s, and 72 °C extension for 2 min. In order to reduce
the mismatch caused by the amplification process, a total
of 30 cycles were performed in this experiment, and the
last 72 °C extension was of 10 min duration. According to
the instructions of PMD18-T ligase kit (Code No. 6011,
TaKaRa, Dalian, China), the amplified target fragment was
purified and recovered, and then cloned to the intermediate
vector PMDI18-T. The positive clones were sent to Sangon
Biotech (Shanghai) Co., Ltd. for sequencing, and the recom-
binant plasmid with correct sequencing was named PT-LFY.

Construction of ‘Gene-deletor’ vector

The PT-LFY vector was double digested with BamHI and
Sall, and 2354 bp LFY promoter fragment was recovered.
The pCAMBIA-PAB-polseed-FLP vector was also double
digested with BamHI and Sall to recover large fragments.
The flower primordium determination gene promoter LFY
was cloned into the pPCAMBIA-PAB-polseed-FLP vector
according to the operating instructions of In-Fusion ligase
(Code No. 072012, TaKaRa, Dalian, China), and the ligated
vector was transformed into E. coli and sent to Sangon Bio-
tech (Shanghai) Co., Ltd. for sequencing. The newly con-
structed expression vector with correct sequencing was
named pCAMBIA-LFY-polseed-FLP. The E. coli plasmid
was extracted according to the instruction manual of the
plasmid extraction kit (Code No. 9760, TaKaRa, Dalian,
China). The newly constructed pPCAMBIA-LFY-polseed-
FLP plant expression vector was transferred into A. tume-
faciens strain EHA105 by heat shock (Huang et al. 2013),
for subsequent genetic transformation of Arabidopsis and
banana.

Transformation and characterization
of transgenic Arabidopsis plants

Arabidopsis seeds were first sterilized with 70% ethanol for
more than 10 s then sterilized with 10% sodium hypochlorite
for 10 min, washed with sterile water 5 times and seeded on
an MS solid medium (Clough and Bent 1998). The seeded
medium was incubated at 4 °C and vernalized for 3 days
and then shifted at 22 °C for 16 h light/8 h dark conditions.
When A. thaliana had growth of 2 or 3 true leaves, they
were transplanted to a seedling bowl with vermiculite as
the substrate (vermiculite: vegetative soil 1:1) and contin-
ued to be cultured. An arched membrane was placed on the
surface before culturing in an artificial climate incubator.
During the vegetative growth phases, the daily light duration
was 16 h (at 20001X) and the temperature was 20 °C. Dur-
ing the reproductive growth phase, the daily light duration
was 16 h and the temperature was 20 °C. The light intensity
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was 20001X. The relative humidity of the incubator was
between 70 and 90%. The seedlings were transplanted when
they had growth of 4 to 6 true leaves, and were moistur-
ized for 4to7 days after transplanting. After the seedlings
grew new leaves, appropriate amount of nutrient solution
was added every 4 days (2 mol/L KNOj;, 2 mol/L CaNO;,
2 mol/L MgSO,-7H,0, 1 mol/L NH,NO;, 1 mol/L KH,PO,,
0.01 mol/L NaMoOy,, Iron 1.5 ml/L, 1 mL/L minor); The
steps of transformation and characterization of homozy-
gotes using the protocol as previously described (Clough
and Bent 1998). In order to verify the elimination effect of
‘Gene-deletor’ on transgenic Arabidopsis thaliana seeds,
GUS staining was performed on the root, stem, leaf, anther,
fruit and other tissues of transgenic A. thaliana homozygote,
and the incidence rates of positive events and non-positive
events were calculated. Histochemical pB-glucuronidase
(GUS) assays were performed as described previously (Jef-
ferson 1987).

Transformation and characterization
of transgenic banana plants

The ‘Gene-deletor’ vector was used for transformation
of Cavendish banana (Musa spp. cv. Brazil; AAA Group;
Accession No. BX_01) embryogenic cell suspensions
(ECSs) using the protocol as previously described (Hu et al.
2013). 1 ml PCV ECSs of banana were infected with 10 ml
bacterial suspension (OD, 0.2t00.5) for 24 h at 26 +1 °C
with shaking at 50 rpm under dark conditions. The ECSs
were then allowed to settle at the bottom and the excess bac-
terial suspension was removed using a sterile micropipette.
The ECSs were washed twice with sterile water, and cultured
for 1 month in multiplication medium supplemented with
100 mg/L Kanamycin and 200 mg/L Cefotaxime at 26 + 1 °C
with shaking at 110 rpm in dark conditions.

Genomic DNA was isolated from putative transformed
plantlets using a plant DNA extraction kit, according to the
manufacturer’s manual (Code No. 9765, TaKaRa, Dalian,
China). PCR with NptIl gene specific primers GSP2
(GSP2-F:5'-GSP2-F:5'-CTGTGATCTGCCTCAGACTCA-
3',GSP2-R:5"-TCAATCCTTCCTTCTTAATCCTTT-3") was
used to confirm presence or absence of transgene into the
plant genome. A 25 pl PCR reaction mixture contained
1 X reaction buffer, 0.2 mM dNTPs, 1.5 mM MgS0O4, | mM
primers, 1 unit of Taq DNA Polymerase and 1 mg of tem-
plate DNA. The PCR cycles were programmed as follows:
1 cycle at 94 °C for 5 min, followed by 35 cycles at 94 °C
for 30 s, 60 °C for 30 s, 72 °C for 60 s, and 1 cycle at 72 °C
for 7 min. Southern hybridization assays were performed as
described previously (Tripathi et al. 2008). Histochemical
B-glucuronidase (GUS) assays were performed as described
previously (Jefferson 1987). Positive banana plants were
multiplied vegetatively using meristems of in vitro plantlet
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based on the procedures described in our earlier studies
(Dou et al. 2016; Hu et al. 2013). Untransformed Cavendish
banana ECSs regenerated offspring were generated as wild
control. The rooted plantlets were hardened in the green-
house and used for further assays.

Analysis of the elimination effect of ‘Gene-deletor’
in transgenic bananas

Five healthy transgenic and untransformed wild control
plants were selected and planted in isolated greenhouses.
Under normal fertilization and water management, all trans-
genic plants were able to grow normally, similar to the WT
plants. After 10 months of planting, the transgenic and the
control plants began to bud, and 7 combs of banana fruit
were selected and bagged. The bananas were harvested when
they reached 80% maturity, and GUS staining was used to
detect the elimination effect of exogenous genes. In order
to detect the removal of exogenous genes on a molecular
level, TaKaRa column recovery kit was used to extract the
DNA from the 5 transgenic lines (Code No. 9765, TaKaRa,
Dalian, China). PCR was performed using specific prim-
ers according to the method reported by Luo et al. 2007,
using the plasmids as positive control; the sequence of the
plasmid is GSP3-F:5'- GAACGTGGCGAGAAAGGAAGG-
3",.GSP3-R:5-ACTGACAGAACCGCAACGTTG-3". The
amplification procedure was as follows: pre-denaturation at
94 °C for 3 min, 94 °C for 45 s, 60 °C for 30 s, and 72 °C
for 2 min, with a total of 30 cycles, and final extension at
72 °C for 10 min.

Statistical analysis

Experiments were performed according to complete rand-
omized design (CRD). The data reported in the figures are
means of the values with standard error (SE) and were exam-
ined statistically by ANOVA. Least significant difference
(LSD) at the 5% level was analysed by DPS software (ver-
sion 3.01; Zhejiang University, Hangzhou, China).

Results
Isolation of Arabidopsis LEAFY(LFY)promoter

In order to clone the promoter of LEAFY (LFY), the A.
thaliana genome DNA was used as a template, and 30
cycles were performed in order to lower the probability
of mismatch. After the PCR reaction, all PCR products
were subject to agarose gel electrophoresis, and a 5000 bp
DNAMarker was used as the molecular standard. As a result,
clear bands appeared in about 2.3 kb (Fig. l1a). Then the
2.3 kb DNA amplification band was recovered and purified,



Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 140:105-114

109

a b c d
Z”.bpi i E =

Smal

[

‘ sall

l EXY

e
—L1LBHLF

I
FLP [tNos

3'35S| Gus:|Nptll [P35SH LF HRB }—

—_—

Fig.1 Arabidopsis LFY promoter cloning and construction of the
‘Gene-deletor’ vector. a Bands of specific primers of LEAFY pro-
moter, after Arabidopsis thaliana genome PCR amplification. b
Bands of original vector pPCAMBIA-PAB-polseed-FLP after BamHI
and Sall double enzyme digestion and excised PAB promoter. ¢ The
large fragments recovered after original vector pCAMBIA-PAB-
polseed-FLP double enzyme digestion with BamHI and Sall, and

- c d

1 mm

the cloned LFY promoter ligated to the large fragment after enzyme
digestion, and then undergoing BamHI and Sall double enzyme
digestion to verify whether the LFY promoter ligated with the vector
successfully. d PCR positive identification after recombinant vector
transformation of Agrobacterium tumefaciens. e Schematic diagram
of the newly constructed ‘Gene-deletor’ vector pPCAMBIA-LFY-pol-
seed-FLP

1mm

f Number of T3 transgenic

Number of GUS positive Number of GUS negative Deletion rate (%)
Arabidopsis fruits (Seed) signal (Seeds) signal (Seeds)
200 23 177 88.5 %

Fig.2 Analysis of eliminating effect of ‘Gene-deletor’ vector
pBIN19-LFY-FLP in Arabidopsis thaliana. a Transgenic Arabidop-
sis thaliana homozygous T3 root GUS staining. b GUS staining in
the stem of transgenic Arabidopsis thaliana homozygous T3. ¢ GUS
staining in leaves of transgenic Arabidopsis thaliana homozygous
T3. d GUS staining in fruit pods of transgenic Arabidopsis thaliana

and then ligated with the cloning vector PMDI18-T. The
positive recombinant plasmid with correct sequencing was
named PT-LFY. The PCAMBIA-PAB-polseed-FLP vec-
tor was digested by the BamHI and Sall, and a clear 1.9 kb
fragment was cut (Fig. 1c), which is consistent with the
size of 1845 bp PAB5 promoter, indicating that the PABS
promoter on the pPCAMBIA-PAB-polseed-FLP vector was

homozygous T3. e GUS staining of the fruits of transgenic Arabidop-
sis thaliana homozygous T3. f The calculated elimination efficiency
of exogenous genes in the fruits of transgenic Arabidopsis thaliana
homozygous T3. The above experiments were repeated several times.
Representative experiments were photographed, and the eliminating
efficiency of exogenous genes was calculated

fully excised, and the large fragments vector framework
was fully recovered. The PT-LFY was digested through
the BamHI and Sall, and the LFY fragments were recov-
ered. The digested vector fragment was ligated with the A.
thaliana LFY promoter to form a new recombinant vector.
The above-mentioned recombinant ‘Gene-deletor’ vector is
digested in the BamHI and Sall, and a clear band produced
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of the same size as the PCR product (Fig. 1c), indicating that
the vector was successfully constructed. The recombinant
vector is transformed into Agrobacterium tumefaciens, and
the 2.3 kb fragment amplified by PCR (Fig. 1d). The recom-
binant vector with correct sequencing is named pCAMBIA-
LFY-polseed-FLP (Fig. le).

Verification of the elimination effect
of ‘Gene-deletor’ vector in Arabidopsis thaliana

In order to verify the elimination effect of ‘Gene-deletor’
vector exogenous gene driven by the newly constructed LFY
promoter, we first conducted genetic transformation verifi-
cation in A. thaliana. GUS staining was performed on the
roots, stems, leaves, fruit clips and fruit tissues of transgenic
Arabidopsis thaliana, and GUS activity was observed in the
roots, stems, leaves and fruit clips (Fig. 2a—d), indicating
that the newly constructed pPCAMBIA-LFY-polseed-FLP
vector could not achieve the effect of exogenous gene elimi-
nation in the roots, stems, leaves and anthers of A. thaliana.
Keeping in mind that the LFY promoter is a key promoter
affecting flowering and development of Arabidopsis, we
hypothesize that the newly constructed ‘Gene-deletor’ vector
might perform a certain eliminating function in late flower-
ing bud differentiation phase (fruits) of plants. To test the

above hypothesis, we further stained the transgenic Arabi-
dopsis fruits with GUS, and found that of the 200 Arabi-
dopsis fruits, only 23 showed positive GUS staining and
177 showed negative GUS staining (Fig. 2e). The results
indicate that the exogenous genes in the non-stained Arabi-
dopsis thaliana fruits were successfully eliminated, with
an elimination effect of 88.5% (Fig. 2f). The above results
confirm that our newly constructed ‘Gene-deletor’ vector
driven by LFY promoter can achieve certain exogenous gene
elimination effect in Arabidopsis thaliana.

Generation of transgenic banana plants and their
molecular analysis

In order to further verify the feasibility of using ‘Gene-
deletor’ vector in bananas, ECSs of banana were genetically
transformed using A. tumefaciens harboring ‘Gene-deletor’
vector ()CAMBIA-LFY-polseed-FLP) (Fig. 1e). Three sub-
cultures in fresh medium were performed once in 10 days
(Fig. 3a). Three months from transformation and selection,
whitish embryos emerged on embryo development medium
supplemented with 100 mg/L. Kanamycin (Fig. 3b). These
embryos were later transferred onto germination medium
to aid the emergence of first plantlets (Fig. 3c), after which
the tiny buds were transferred to multiplication medium.

Fig.3 Generation of transgenic banana cv. Cavendish plants using
Agrobacterium tumefaciens-mediated transformation. a Embryogenic
cell suspension (ECS) and Agrobacterium with ‘Gene-deletor’ vec-
tor in it was cultivated together in the proliferating growth medium. b
Somatic embryos derived from pCAMBIA-LFY-polseed-FLP trans-
formed cells on embryo development medium at 2 months post selec-
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tion. ¢ Plantleting after 3 months on embryo germination medium. d
Transgenic multiple plantlets on multiplication medium. e Transgenic
rooted plantlets on rooting medium. f After rooting of single plant-
lets on rooting medium, rooted transgenic plants were hardened in the
greenhouse



Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 140:105-114

m

a

Npt Ul

M WI-1 2 6 8

i1 12 3 4 3

13 15 17 21 F

M P WI 113 17 5§ 1

Fig.4 Generation and molecular identification of transgenic banana
plants. a PCR confirmation of the Kanamycin-resistant plants using
NPTII-specific primers. M molecular marker, WT wild type, - water,
the numbers indicate different transgenic lines; P plasmid DNA (used
as a positive control). b Southern hybridization to verify the copy

Fig.5 Effect Analysis of
‘Gene-deletor’ vector pBIN19-
LFY-FLP in banana fruit. a
GUS staining of fruits from

5 transgenic banana lines. b
Specific primer molecules tests
were used to detect the elimina-
tion of exogenous genes in the
fruits of five transgenic banana
lines. WT wild type, P positive b
control; the numbers indicate

the different transgenic lines.

The above experiments were

repeated several times. Repre-

sentative experiments were pho-

tographed, and the eliminating

efficiency of exogenous genes

was calculated

Clusters of small plantlets and white buds were observed
after 1 month of culture (Fig. 3d). Single plantlets were
isolated and rooted on rooting medium supplemented with
0.1 mg/L NAA (Fig. 3e). Finally, the rooted plantlets were
hardened in the greenhouse and used for further analysis
(Fig. 31).

To identify transformed plants, we performed histochemi-
cal GUS staining at each cultivation stage. Genomic DNA
PCR analysis of the twenty-one GUS positive lines showed

number in transgenic banana plants. M, molecular marker; WT wild
type, the numbers indicate different transgenic lines; P positive con-
trol. ¢ GUS expression in five transgenic lines as assessed by histo-
logical GUS assay

WT line 11 linel3

o

linel7

VL i
b3

that eleven out of them had a single 400-bp fragment derived
from the NptlI gene coding sequence present in the T-DNA
of the binary vector, whereas it was absent in genomic DNA
derived from untransformed WT plants (Fig. 4a). The South-
ern blotting results further confirmed the stable integration
of transgenes into Cavendish banana genomes. Five trans-
genic lines (#1, #5, #11, #13 and #17) with southern blot-
ting and GUS positive lines were used for further analysis,
along with the corresponding untransformed WT (Fig. 4b,

@ Springer



112

Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 140:105-114

¢). In addition, under a healthy growth condition, we have
not observed any phenotypic difference between transgenic
lines and the wild-type Cavendish banana (data not shown).

Verification of the elimination effect
of ‘Gene-deletor’ vector in bananas

The above five well-grown and strong transgenic plants and
the wild control plants were planted and isolated in green-
houses, and the bananas were harvested after 1 year or 1
growing season. The fruits harvested from the transgenic
and wild control plants were sliced longitudinally and ana-
lyzed by GUS staining. Staining results showed that all lon-
gitudinal sections of line 1, line 5, line 11, line 13 and line
17 plants were dyed blue to a variable extent, while GUS
staining of wild control plants was negative (Fig. 5a). Inter-
estingly, the fruits of the line5 plant were the least stained;
fruits on line 17 were stained positive with GUS in half
of the longitudinal sections and negative with GUS in the
other half (Fig. 5a). PCR results showed that all the five
lines obtained the T-DNA fragments of the vector, indicat-
ing the existence of the exogenous gene in 5 lines of fruits.
However, among them, in addition to 10 kb large fragments
obtained from line 1, line 11 and line 13, bands about the
size of 100 bp were also obtained, and the 100 bp small frag-
ments were cut out for sequencing. The sequencing results
were consistent with the right and left boundaries of the
T-DNA vector. The above results fully demonstrate that par-
tial foreign gene elimination occurred in 3 lines, i.e. line 1,
line 11 and line 13.

In addition, in order to eliminate the interference of the
mosaic on the judgment of eliminating effect, the other half
of GUS negative flesh from the line 17 fruits was cut, its
genomic DNA was extracted, and specific primers were used
for PCR. The results showed that small fragment PCR prod-
ucts were obtained from all the selected materials, but no
large fragment PCR products were found. The comparison
of banana pulp slice did not show any bands (results not
shown), and the results indicated that complete elimination
of exogenous genes occurred in part of the line 17 fruits.

Discussion

In recent years, molecular breeding has proved to be one
of the most rapid and effective strategies for creating new
stress-resistant species (Koch and Kogel 2014; Qi et al.
2018). Generally, exogenous genes are introduced into plants
for the purpose of obtaining ideal phenotypes, improving
plant stress resistance and improving plant quality (Li et al.
2007). However, these exogenous genes such as antibiotic
marker genes, are not necessary for plant growth, and are no
longer required for resistance screening after transformation.
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On the contrary, the presence of these exogenous genes may
lead to biosafety and food safety problems (Luo et al. 2007).
Therefore, for crops where the fruit is an edible organ (e.g.,
bananas), it is important to have systems that efficiently and
specifically eliminate exogenous genes from the fruit.

In order to eliminate concerns about the biological safety
of GM crops and food safety, several molecular strategies
have been applied to GM plants in recent years (Daniell
2002; Hills et al. 2007; Kausch et al. 2010), including
cotransformation, transposable elements, recombinase
deletion and CRISPR/Cas9 techniques (Khan et al. 2010;
Li et al. 2007; Luo et al. 2007; Lutz et al. 2011; Naim et al.
2018). However, these existing technologies are mainly used
to eliminate resistance genes and reporter genes in trans-
genic plants, but they cannot effectively and specifically
eliminate all exogenous genes, The existence of these exog-
enous genes may lead to gene escape and ecological hazards
(Zuo et al. 2001). Therefore, the technologies stated above
cannot be applied in production to solve the safety prob-
lems brought by genetically modified crops. In 2007, the Yi
Li team at University of Connecticut developed the ‘Gene-
deletor’ technology. This technique uses the pollen and seed-
specific PAB5 promoters, which automatically eliminate all
foreign genes in the pollen and seeds before and after trans-
genic flowering. This solves the problem of genetic flow of
transgenic plants, and solves the concern about the safety
of genetically modified food (Li et al. 2007). The efficacy
of this technique has been demonstrated in tobacco (Luo
et al. 2007).

Recently, Chong-Perez et al. (2013) reported that the
feasibility of using developmentally controlled promoters
to mediate marker excision in banana. Considering that
the LEAFY gene is the key gene affecting plant flowering
development, in order to complete the removal of exogenous
genes in early fruit formation, in this study the LFY pro-
moter of the flower-determination gene LEAFY from A. thal-
iana genome was cloned (Fig. 1a), and successfully replaced
the PABS promoter in the exogenous ‘Gene-deletor’ vector
pCAMBIA-PAB-polseed-FLP (Fig. 1b). In order to further
verify the eliminating effect of the newly constructed exog-
enous gene vector pPCAMBIA-LFY-polseed-FLP in fruits,
we first carried out genetic transformation in A. thaliana.
Through GUS staining of the roots, stems, leaves, fruit clip
and fruits of transgenic T3 homozygous plants, it was found
that only 23 of the 200 Arabidopsis fruits were stained, and
177 Arabidopsis fruits showed no GUS signal, while GUS
gene activity was detected in roots, stems, leaves and fruit
clips (Fig. 2a—e). These results indicated that the specific
promoter LFY in A. thaliana could not remove exogenous
genes in roots, stems and leaves after the initiation of vector
elimination, but it could effectively remove exogenous genes
in Arabidopsis thaliana fruits, with the eliminating effect
reaching 88.5% (Fig. 2f).
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Since our newly constructed exogenous ‘Gene-deletor’
vector pPCAMBIA-LFY-polseed-FLP has good exogenous
gene eliminating effect in transgenic Arabidopsis thali-
ana fruits (Fig. 2), this discovery prompted us to study the
feasibility of applying exogenous ‘Gene-deletor’ vector in
banana fruits. In order to test our hypothesis, genetic trans-
formation of Cavendish banana was carried out in this paper
using the method reported earlier (Dou et al. 2016). The
genetically transformed plants were successfully obtained
through co-culture, screening, plant regeneration, rooting
and other steps (Fig. 3). Five transgenic lines (#1, #5, #11,
#13 and #17) were used for further analysis, along with the
corresponding untransformed WT. GUS staining was per-
formed on the transgenic banana fruits, and it was found that
different levels of exogenous gene eliminating effects were
obtained in different parts of the transgenic fruits (Fig. 5a).
Luo et al. (2007) reported that after the elimination of exog-
enous genes, only about 100 bp of vector fragments were
left in specific tissues. In this paper, specific primers were
used to carry out PCR on the fruits of five transgenic banana
lines, and it was found that no small fragments appeared in
two lines (line 5 and line 17), indicating that exogenous gene
elimination was not completed in the transgenic fruits. Small
fragments of about 100 bp appeared in three transgenic lines
(line 1, line 11 and line 13), however, the large fragment
was still pure (Fig. 5b). These results indicate that the exog-
enous ‘Gene-deletor’ vector pPCAMBIA-LFY-polseed-FLP
can achieve certain exogenous gene elimination effect in
banana fruits, but cannot completely eliminate exogenous
genes. Its elimination effect needs to be further improved.

In conclusion, the application of exogenous ‘Gene-
deletor’ technology in bananas has not been previously
reported. This paper cloned the LEAFY gene promoter LFY
in A. thaliana, and a new exogenous ‘Gene-deletor’ vector
pCAMBIA-LFY-polseed-FLP was successfully constructed.
Through verification in Arabidopsis, it was found that a bet-
ter effect of exogenous gene elimination could be achieved
in Arabidopsis fruits. Further, it was found that a certain
effect of exogenous gene elimination could be achieved in
banana fruits, but the exogenous genes could not be com-
pletely eliminated. This study laid a theoretical foundation
for the next step of screening banana fruit-specific promot-
ers, removing all exogenous genes from banana fruits, and
solving the food safety problem of genetically modified
bananas.
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