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Abstract

Transgenic strategy plays an important role in the biological study and breeding of sugarcane. However, the efficiency of sugarcane transgenic
systems remains disappointing to breeders. Various cultivated varieties are recalcitrant to genetic transformation, and only a few sugarcane
research institutes could successfully obtain positive transgenic lines. In our previous research, three kinds of sugarcane transgenic selection
systems, namely, the PMI/Mannose, CP4-EPSPS/glyphosate, and bar/Basta selection systems, were successfully established. Among these
systems, the bar/Basta selection system was the most efficient. By applying this selection system, 10 or more transgenic shoots could be obtained
from a gram of embryogenic calluses. In addition, the resistant shoots obtained after screening were almost 100% positive for the molecular
assay, and all of the transgenic shoots showed high herbicide tolerance in lab tests and field trials. Herein, the key points/steps, advantage and
contribution to sugarcane studies and breeding in China of the efficient bar/Basta sugarcane transformation system are presented and discussed.

Citation: Wang W, Wang J, Feng C, Zhao T, Shen L, et al. 2023. Establishment of an efficient transgenic selection system and its utilization in
Saccharum officinarum. Tropical Plants 2:11 https://doi.org/10.48130/TP-2023-0011

Introduction

Sugarcane (Saccharum officinarum) is one of the most impor-
tant economic crops in tropical and subtropical countries as it is
the main raw material for sugar production. Brazil and India are
the top two sugarcane producers among the more than 100
countries that grow sugarcanel'-2.. Sugarcane provides approxi-
mately 80% of the world’s sugar and more than 90% of the
sugar in Chinal3-51, Moreover, it has now become a raw mate-
rial of bioethanol®l. Sugarcane production is threatened by
biotic and abiotic stresses’-°. Meanwhile, numerous other
characteristics, such as cane yield and other agronomic traits, of
commercial and cultivated sugarcane varieties need to be
improved by sugarcane scientists to fully meet the needs of
sugarcane farmers['%, The cultivated varieties of sugarcane are
the progenies of crosses among Saccharum officinarum,
Saccharum spontaneum, Saccharum barberi, and Saccharum
sinensel'-141, They are heterozygous aneuploid crops that con-
tain numerous chromosomes (40-200), and the structure of
their genomes is very complex!’s. However, sugarcane is
photoperiod-sensitive, and numerous parent germplasms are
difficult to cross; all of these factors complicate character im-
provement through traditional breeding strategies!'¢l. Genetic
transformation is a convenient and effective strategy for the
character improvement of cultivated varieties!'’], Brazil is the
first and only country utilizing transgenic sugarcane varieties in
field productionl'8l, In 2022-2023, Brazil planted almost 70,000
hectares of transgenic sugarcane, accounting for 89% of annual
production. No other country apart from Brazil uses transgenic
sugarcane varieties in field production primarily because
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transgenic sugarcane lines are difficult to obtain in the
laboratory!'?l. The primary technical difficulty is not easy to
obtain high-quality embryogenic calluses from different vari-
eties. The embryogenic calluses of sugarcane are the only
explants that can be used for genetic transformation through
Agrobacterium-mediated and particle bombardment methods.
However, embryogenic calluses and the most suitable status
for genetic transformation must be precisely identified.
Furthermore, plant physiology and anatomy must be organi-
cally combined. Different varieties also need different recipes of
callus induction media and different subculture protocols
during callus induction. In brief, considerable practice and
comparison, time, and resources are needed. In our previous
research, three kinds of sugarcane genetic transformation
selection systems, namely, the PMI/mannose selection
system[29], bar/Basta selection system[2'l, and CP4-EPSPS/
Roundup (unpublished) selection system, were successfully
established by enhancing the quality of sugarcane embryo-
genic callus induction by using Agrobacterium-mediated
genetic transformation and a precise transformation protocol.
The bar/Basta selection system was the most efficient genetic
transformation system for sugarcane. Herein, the key
points/steps, advantage, and contribution in China of the effi-
cient bar/Basta transgenic selection system are presented and
discussed.

Embryogenic callus induction

The embryogenic callus is an ideal material for transgenesis
because of its stable proliferation; high regeneration rate;
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sensitivity to screening antibiotics and herbicides, such as
kanamycin, hygromycin, and glufosinate ammonium; and toler-
ance to Agrobacterium tumefaciensi?2-241, The low quality of
embryogenic calluses induced from different sugarcane vari-
eties is the first negative factor inducing the low efficiency of
transformation. Exogenous auxin and cytokinin are necessary
to induce cell differentiation and proliferation in in vitro cell
culture, such as the embryogenic callus induction of maizel?3!,
Thus, media for the embryogenic callus induction of different
cultivated sugarcane varieties need different exogenous auxin
and cytokinin concentrations. For example, high-quality em-
bryogenic calluses of the cultivated sugarcane varieties ROC22
can be obtained by alternately adding high and low 2,4-D
concentrations and miniscule amounts of 6-BA to the in vitro
culture medium. Sugarcane plants collected 3 months after
planting and 2 months before harvesting are suggested to be
the best original material for callus induction. The tops of
shoots containing the immature leaf whorl must be used to
initiate callus induction within 24 h after cutting from the
plants (Fig. 1a). First, an immature leaf whorl is transected into
thin sections then cultivated in medium with a high concentra-
tion (2 mg/L) of 2,4-D; the resulting explant dedifferentiates
quickly within 14 d (Fig. 1b). Second, subcultivation is
performed in a medium with a low concentration (1 mg/L) of
2,4-D. Tiny embryogenic calluses then form after another 14 d.
Third, subcultivation is performed again in a medium contain-
ing a low concentration (1 mg/L) of 2,4-D and a very low
concentration (0.1 mg/L) of 6-BA. Large and granular embryo-
genic calluses suitable for transformation form after the subcul-
tivation period (Fig. 1c). The actual concentration of 2,4-D and
6-BA added to the subculture medium for different varieties of
sugarcane is based on the status of the calluses growing on the
last medium. If callus growth is slow and difficult, the added
amount of 2,4-D is increased. If the callus is water-soaked, the
concentration of 2,4-D is decreased. Cultivation for callus induc-
tion is preferably done in the dark at 28 °C.

Agrobacterium strain and vector construction

Particle bombardment is the main approach used by exist-
ing sugarcane transformation studies(26-30], However, it has
several disadvantages, including the low frequencies of posi-
tive shoots, high copy numbers of target genes, and instability
of the gene construct in the receptor material®'l. Agrobac-
terium-mediated transformation has advantages over other
gene-delivery technologies!3233l, Our previous research showed
that the Agrobacterium strains EHA105 and LBA4404 are suit-
able for sugarcane genetic transformation. The plant expres-
sion vector for vector construction must contain an expression
cassette to provide the resistant protein of the selection agent
for the positive screening of shoots from transformed calluses.
The CaMV 35S promoter has been proven to be sufficiently
strong to induce numerous selectable agents, such as the bar,
CP-EPSPS, PMI, and NPTII genes, in sugarcane transgenic
systems. It can follow at least three other target expression
cassettes on the vector aside from the selectable expression
cassette, that is, the total integrated fragment could exceed 10
KB between left and right borders. The use of different promo-
ters and terminators for each expression cassette is preferred to
avoid vector recombination. The target expression cassettes
could be overexpression or RNAi cassettes. Meanwhile, the use
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of a strong promoter, such as Ubi 1/actin/CaMV 35S, to induce
the Cas9 gene and 2-3 u6 promoters to activate 2-3 sgRNA, is
preferred for sugarcane editing strategies, such as the
CRISPR/Cas9 system. In our previous research, the Agrobac-
terium strain EHA105 harboring the pCAMBIA3300 plant
expression vector containing two expression cassettes was
used for transformation to establish our efficient sugarcane
transgenic system. One of the expression cassettes was a bar
selective marker gene promoted by the CaMV 35S promoter
and added with a CaMV 35S polyA tail at the 3'site. The other
expression cassette was the CFP visible marker gene promoted
by the Ubi1 promoter and terminated with the tNOS termi-
nator (Fig. 1d). The simple vector harboring the visible marker
gene is helpful for establishing our efficient transgenic system.

Genetic transformation protocol

A precise transformation protocol increases the infectivity of
bacteria and causes receptor explants to absorb the infectious
bacterial mixture sufficiently. This situation could increase the
efficiency of genetic transformation significantly. Acetosy-
ringone (AS) is a phenolic compound and can activate the vir
gene in the plant expression vector, thus increasing the infec-
tiousness of bacteria and the rate of transformation in
monocotsi34-371, Hence, it must be added steadily at a suitable
working concentration throughout bacterial cultivation. Soni-
cation and vacuum treatment could induce receptor explants
to absorb the infectious bacterial mixture sufficiently and
enhance Agrobacterium-mediated transformation efficiency(38l,
Herein, the sugarcane genetic transformation protocol could
be established by combining influencing factors. The precise
transformation protocol of our lab is as follows: The Agrobac-
terium strain harboring the target plant expression vector was
streaked on YEP medium containing the appropriate antibiotics
and 100 uM AS and grown at 28 °C for 3 d. Then, a single colony
was selected and recultured overnight in liquid YEP medium
containing the appropriate antibiotics and 100 uM AS at 28 °C.
Subsequently, bacteria were collected after centrifugation,
resuspended in a starter culture (1/5 strength MS medium +
30 g/L sucrose + 30 g/L glucose + 100 puM AS) and vortexed at
90-100 rpm for 2 h at 28 °C in the dark. Then, the bacterial
mixture was diluted to an optical density of approximately
0.3-0.6 at 600 nm. A high density of the bacterial mixture may
enhance transformation efficiency but also may induce the
high copy number integration of the target genes. A suitable
amount of embryogenic calluses (3-5 g) was collected and air
dried on a clean bench. Then, the air-dried embryogenic
calluses were transferred to an Erlenmeyer flask, added with
approximately 50 mL of the bacterial mixture, and shaken
slowly at 90-100 rpm for 10 min at 28 °C in the dark. In addi-
tion, the embryogenic calluses and bacterial mixture were soni-
cated (180 W) for 2 min in an ultrasonic cleaner. Then, the
bacterial mixture was pipetted out, and 50 mL of fresh bacte-
rial mixture was added again. Subsequently, the embryogenic
calluses and bacterial mixture were vacuumed (-0.08 MPa) for
5 min then shaken slowly at 90-00 rpm for another 10 min at
28 °C in the dark. Afterward, the bacterial mixture was pipetted
out, and the embryogenic calluses were blotted dry to remove
excess Agrobacterium suspension and air-dried for approxi-
mately 30 min on a clean bench by using filter paper. Next, the
embryogenic calluses were transferred to a Petri dish, sealed
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Fig. 1 Efficient sugarcane transgenic system based on herbicide screening. (a) Original explant from sugarcane tillers for callus induction. (b)
Two weeks after first induction through the addition of a high concentration (2 mg/L) of 2,4-D to the medium. (c) Two to three weeks after third
induction through the addition of a low concentration (1 mg/L) of 2,4-D and a very low concentration (0.1 mg/L) of 6-BA to the medium. (d)
Schematic of the pCAMBIA3300-CFP plant expression vector. RB: Right border of pCAMBIA3300; LB: Left border of pCAMBIA3300; Ubi1: maize
Ubi 1 promoter; CFP: CFP visible marker gene; tNOS: nopaline synthase terminator; 35S: cauliflower mosaic virus 35S promoter; bar: bar
selective marker gene; 35S poly A: cauliflower mosaic virus 35S poly A tail. (e) Fluorescence observation of infected calluses after 7 d of resting
cultivation. (f) Fluorescence observation of resistant calluses after 30 d of callus screening. (g) Fluorescence observation of leaves after 14 d of
regeneration, Left: leaf of transgenic shoot, Right: leaf of wild-type shoot. (h) Resistant shoots on the rooting medium. (i) Molecular assay for the
bar selective marker gene by traditional PCR; CK—: nontransformation shoots; CK+: plant expression vector; and M: DNA marker ladder. (j)
PAT/bar protein assay by QuickStix Strips; 1-21: Resistant shoots; CK—: nontransformation shoots. (k) Herbicide tolerance testing of transgenic
shoots. GM: transgenic shoots (2.0 mg/mL Basta); WT: Wild-type shoots (0.5 mg/mL Basta). () Tenth day after herbicide spraying; GM:
transgenic shoots; WT: Wild-type shoots. (m) First day after weed control in the field; Left: Weed control of wild-type shoots by hoeing; Right:
Weed control of transgenic shoots by herbicide. (n) Two weeks after weed control in the field; Left: Weed control of wild-type shoots by hoeing;
Right: Weed control of transgenic shoots by herbicide. (0) Two months after weed control; Left: Weed control of wild-type shoots by hoeing;
Right: Weed control of transgenic shoots by herbicide.
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with parafilm, then incubated for 3 d at 21 °C in the dark. All of
the infected embryogenic calluses were transferred to a resting
medium without selection stress and cultured for 7 d at 28 °Cin
the dark. Subsequently, all embryogenic calluses were trans-
ferred to a selection medium containing 2 mg/L Basta (glufosi-
nate ammonium) and cultured for 30 d at 28 °C in the dark. All
selected calluses were transferred to a regeneration medium
and cultured for 14 d (30 °C and 14 h of light and 28 °Cand 10 h
of darkness daily). After regeneration, green buds were trans-
ferred to a rooting medium and cultured for 30 d under the
same conditions. Meanwhile, CFP expression was observed
after resting cultivation (Fig. 1e), selection cultivation (Fig. 1f),
regeneration cultivation (Fig. 1g, h), and rooting cultivation to
estimate transformation efficiency. After rooting cultivation,
resistant shoots were sampled for molecular assays via tradi-
tional PCR detection (Fig. 1i) and PAT/bar protein detection by
using QuickStix Strips (Fig. 1j). The transformation results
presented in Table 1 show that on average, 11 transgenic
shoots could be obtained from each gram of embryogenic
calluses used for transformation. The results of the PCR and
QuickStix Strip assays demonstrated that almost 100% of the
resistant shoots were positive.

Herbicide tolerance testing of transgenic shoots
in the lab

Transgenic shoots screened on the basis of the bar selective
marker gene or CP4-EPSPS exhibit herbicide resistance. In our
lab, the herbicide-resistant gene bar was used as the selectable
marker gene in our transformation system. Resistant shoots
were screened by adding herbicide (2 mg/L) to the culture
media. The herbicide tolerance of the transgenic shoots was
tested in the lab by exposing the shoots to different concentra-
tions of Basta (Fig. 1k). The results showed that all transgenic
shoots grew normally even when exposed 2.0 mg/mL Basta. By
contrast, the wild-type shoots died when exposed to only 0.5
mg/mL Basta. Thus, the integration of the herbicide-resistant
bar gene significantly improved the herbicide resistance of the
transgenic shoots, and all of the transgenic shoots obtained by
using our transformation system were herbicide-resistant.

Herbicide tolerance testing of transgenic shoots
in the field

Herbicide tolerance was also tested in the field. The results
showed that on the third day after herbicide spraying (2.0
mg/mL Basta), no significant difference was found between
genetically modified and wild-type shoots. However, on the
sixth day after herbicide spraying, the leaves of the wild-type
shoots were yellowing and shriveled. By contrast, the geneti-
cally modified shoots grew healthily in the field. On the tenth
day after herbicide spraying, the wild-type shoots died entirely,
whereas the genetically modified shoots grew normally
throughout the testing period (Fig. 11). Therefore, the result of
field testing coincided with that of herbicide tolerance testing
in the lab.

Advantage of herbicide resistance in the field

Sugarcane transgenic shoots planted in the field could be
weed-controlled by using herbicide (200 g/L glufosinate
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ammonium, YONON Biosciences Co., Ltd., Zhejiang, China),
whereas wild-type shoots planted in the field need to be weed-
controlled by hoeing (Fig. Tm). The results showed that the
weed control of wild-type plants by hoeing was unsustainable.
Weeds regrew rapidly 2 weeks after being controlled by hoeing
(Fig. 1n) and grew tall and surrounded cane plantlets heavily 2
months later (Fig. 10). Meanwhile, transgenic shoots were
weed-controlled sustainably by using herbicide. Therefore,
weed control by herbicide saves labor and costs.

Utilization of the transgenic system

Most of the sugarcane breeding institutes of China could not
produce any positive transgenic sugarcane shoots, and a few
institutes could produce some positive transgenic sugarcane
shoots albeit at very low frequencies. After we successfully
established the efficient sugarcane genetic transformation
system in our lab, we produced numerous transgenic shoots
and provided them to almost all of the sugarcane breeding
institutes in China through technical services (Table 1). Hence,
our system provides a great contribution to molecular breed-
ing and molecular biology research in China. Some gene deli-
very approaches aim at the character improvement of culti-
vated varieties, and most aim at the functional study of
endogenous and exogenous genes.

Discussion

The bar/Basta selection system was established in our labo-
ratory by using the Agrobacterium-mediated genetic transfor-
mation method and a precise transformation protocol. It was
proven to be an efficient genetic transformation system that
enhanced the quality of induced sugarcane embryogenic
calluses. Statistical analysis revealed that 10 or more transgenic
shoots could be obtained from each gram of transformed
embryogenic calluses used for transformation. In addition,
resistant shoots 10 cm in height were obtained approximately
4 months from the initiation of the transformation. Screening
revealed that the resistant shoots were almost 100% positive in
the molecular assay. All transgenic shoots produced by our
transformation system were herbicide-resistant and could be
weed-controlled in field trials by using Basta (glufosinate
ammonium) herbicide. We are working on the PMI/Mannosel20]
and CP4-EPSPS/Roundup (unpublished) systems in our lab in
addition to the efficient bar/Basta selection system. Transgenic
shoots screened by the CP4-EPSPS/Roundup system are tole-
rant to Roundup (41% glyphosate), which is cheaper than Basta
(20% glufosinate). Thus, the CP4-EPSPS/Roundup system has
broad application prospects. By contrast, the released GM
sugarcane lines from Brazil, namely, CTB141175/01-A,
CTC91087-6, and CTC93209-4, were screened by the NPTII/
G418 and bar/Basta selection systems, and those from
Indonesia, namely, NXI-1T, NXI-4T, and NXI-6T, were screened
by using the NPTII/G418 and hpt/hygromycin-B selection
systems. Therefore, our sugarcane transgenic system is the
most advanced in the field. The other results (unpublished) of
our research group also showed that our efficient sugarcane
transgenic system was effective for ROC22, LC05-136, and
GT42, which are the top three cultivated varieties in China. Our
system also worked for S. spontaneum, which is an original
parent of sugarcane. Thus, it may be effective for all sugarcane
germplasms if high-quality embryogenic calluses could be
induced. Numerous genome-edited sugarcane lines have also
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Table 1. Technical service using the efficient transgenic system.
Name of Calluses Transgenic shoots Target of genetic Strategy of genetic - -
vector/gene used (g) provided (lines) transformation modification Institutes serviced Date
Cry2A 2 17 Pest-resistant genes OE Huazhong Agricultural 2017.5
Cry1C 5 20 OE University 2017.5
Hc-Pro 2 20 Functional gene of yje OE Yangzhou University 2019.12
SCSMV virus
ScD27 2 20 Tiller-associated genes OE Sugarcane Research 2018.5
ScD10 2 25 RNAj Institute, Yunnan Academy 2019.6
of Agriculture Science
INV 2 15 Sucrose invertase gene OE Institute of Nanfan & Seed 2021.10
FUG 2 15 Haploidy induction gene GE Industry, Guangdong 2019.12
Academy of Science
SsWRKY1- OE 2 15 Drought resistance- OE Yunnan Agricultural 2020.8
SSWRKY 1-RNAi 2 20 associated genes RNAi University 20208
DREB 2 12 Drought resistance- OE South Subtropical Crops 2020.9
REMO 2 14 associated genes OE Research Institute, Chinese 2020.9
Academy of Tropical
Agriculture Science
MYB8i 2 15 MYB transcription factors RNAi Fujian Agriculture and 2020.11
MYB11i 2 12 RNAi Forestry University 202011
ERF99 2 13 Ethylene-responsive OE 2020.11
factors
Z6 3 45 JAZ transcription factors OE 2021.9
Z10 3 50 OE 2021.9
VSR 3 80 Vacuolar sorting receptors OE Yulin Normal University 2022.6
R1 3 35 Plant activator OE 2022.10
polypeptide receptor
RK1 3 30 Ratoon stunting disease- RNAi Sugarcane Research 2022.10

responsive factors

Institute, Guangxi Academy
of Agriculture Science

* OE: Target gene overexpression; RNAi: Target gene suppression by RNAi; GE: Gene mutation by genomic editing.

been created by combining genome-editing elements in plant
expression vectors and delivering them to the genome by
using our genetic transformation system. We produced numer-
ous transgenic shoots of different research targets by using our
transformation system and provided them to almost all sugar-
cane breeding institutes in China through technical services.
Therefore, the establishment of our efficient sugarcane genetic
transformation system has made a great contribution to the
biological study and breeding of sugarcane in China.

Acknowledgments

This work was supported by Hainan Yazhou Bay Seed Lab
(JBGS+B21HJ0302), National Key Research and Development
Program of China (2018YFD1000503) and Chinese Agriculture
Research System (CARS-170301).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 6 December 2022; Accepted 9 June 2023; Published
online 19 July 2023

References

1. Raza G, Ali K, Mukhtar Z, Mansoor M, Arshad M, et al. 2010. The
response of sugarcane (Sac-charum officinarum L.) genotypes to
callus induction, regeneration and different concentrations of the
selective agent (geneticin-418). African Journal of Biotechnology
9(51):8739-47

Wang et al. Tropical Plants 2023, 2:11

2.

10.

1.

12.

Hoang NV, Furtado A, Botha FC, Simmons BA, Henry RJ. 2015.
Potential for genetic improvement of sugarcane as a source of
biomass for biofuels. Frontiers in Bioengineering and Biotechnology
3:182

Manickavasagam M, Ganapathi A, Anbazhagan VR, Sudhakar B,
Selvaraj N, et al. 2004. Agrobacterium-mediated genetic transfor-
mation and development of herbicide-resistant sugarcane
(Saccharum species hybrid) uzing axillary buds. Plant Cell Reports
23(3):134-43

Suprasanna P, Patade VY, Desai NS, Devarumath RM, Kawar PG, et
al. 2011. Biotechnological developments in sugarcane improve-
ment: an overview. Sugar Tech 13(4):322-35

Li YR, Yang LT. 2015. Sugarcane agriculture and sugar industry in
China. Sugar Tech 17:1-8

Parascanu MM, Sanchez N, Sandoval-Salas F, Carreto CM, Soreanu
G, et al. 2021. Environmental and economic analysis of bioethanol
production from sugarcane molasses and agave juice. Environmen-
tal Science and Pollution Research 28(45):64374-93

Viswanathan R, Rao GP. 2011. Disease Scenario and Management
of Major Sugarcane Diseases in India. Sugar Tech 13(4):336—-353
Srikanth K, Subramonian N, Premachandran MN. 2011. Advances
in Transgenic Research for Insect Resistance in Sugarcane. Tropical
Plant Biology 4(1):52—61

Priji PJ, Hemaprabha G. 2015. Sugarcane specific drought respon-
sive candidate genes belonging to ABA dependent pathway iden-
tified from basic species clones of Saccharum sp. and Erianthus sp..
Sugar Tech 17(2):130-37

Mahadevaiah C, Appunu C, Aitken K, Suresha GS, Vignesh P, et al.
2021. Genomic selection in sugarcane: Current Status and future
prospects. Frontiers in Plant Science 12:708233

Bhat SR, Gill SS. 1985. The implications of 2n egg gametes in nobi-
lization and breeding of sugarcane. Euphytica 34:377—-84

Piperidis G, Piperidis N, D'Hont A. 2010. Molecular cytogenetic
investigation of chromosome composition and transmission in
sugarcane. Molecular Genetics and Genomics 284:65—73

Page 5 of 6


https://doi.org/10.3389/fbioe.2015.00182
https://doi.org/10.1007/s00299-004-0794-y
https://doi.org/10.1007/s12355-011-0103-3
https://doi.org/10.1007/s12355-014-0342-1
https://doi.org/10.1007/s11356-021-15471-4
https://doi.org/10.1007/s11356-021-15471-4
https://doi.org/10.1007/s12355-011-0102-4
https://doi.org/10.1007/s12042-011-9077-2
https://doi.org/10.1007/s12042-011-9077-2
https://doi.org/10.1007/s12355-014-0313-6
https://doi.org/10.3389/fpls.2021.708233
https://doi.org/10.1007/BF00022932
https://doi.org/10.1007/s00438-010-0546-3

Tropical
Plants

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Grivet L, Arruda P. 2002. Sugarcane genomics: Depicting the
complex genome of an important tropical crop. Current Opinion in
Plant Biology 5:122—27

Lekshmi M, Pazhany AS, Sobhakumari VP, Premachandran MN.
2017. Nuclear and cytoplasmic contributions from Erianthus arund-
inaceus (Retz.) Jeswiet in a sugarcane hybrid clone confirmed
through genomic in situ hybridization and cytoplasmic DNA poly-
morphism. Genetic Resoures and Crop Evolution 64:1553—60

Zhang J, Zhang Q, Li L, Tang H, Zhang Q, et al. 2019. Recent poly-
ploidization events in three Saccharum founding species. Plant
Biotechnology Journal 17(1):264-74

Dong H, Clark LV, Jin X, Anzoua K, Bagmet L, et al. 2021. Managing
flowering time in Miscanthus and sugarcane to facilitate intra- and
intergeneric crosses. PLoS One 16(1):e0240390

Verma KK, Song XP, Budeguer F, Nikpay A, Enrique R, et al. 2022.
Genetic engineering: an efficient approach to mitigating biotic
and abiotic stresses in sugarcane cultivation. Plant Signaling &
Behavior 17(1):2108253

Cheavegatti-Gianotto A, Gentile A, Oldemburgo DA, Merheb GDA,
Sereno ML, et al. 2018. Lack of detection of Bt sugarcane Cry1Ab
and Nptll DNA and proteins in sugarcane processing products
including raw sugar. Frontiers in Bioengineering and Biotechnology
6:24

Igbal A, Khan RS, Khan MA, Gul K, Jalil F, et al. 2021. Genetic Engi-
neering Approaches for Enhanced Insect Pest Resistance in Sugar-
cane. Molecular Biotechnology 63:557—-68

Wang W, Yang B, Cai W, Feng C, Wang J, et al. 2015. Establishment
of Mannose Selection System in Sugarcane Transformation.
Biotechnology Bulletin 31(1):92—-97

Wang WZ, Yang BP, Feng CL, Wang JG, Xiong GR, et al. 2017. Effi-
cient Sugarcane Transformation via bar Gene Selection. Tropical
Plant Biology 10(2-3):77—-85

Belide S, Vanhercke T, Petrie JR, Singh SP. 2017. Robust genetic
transformation of sorghum (Sorghum bicolor L.) using differentiat-
ing embryogenic callus induced from immature embryos. Plant
Methods 13:109

Ratjens S, Mortensen S, Kumpf A, bartsch M, Winkelmann T. 2018.
Embryogenic callus as target for efficient transformation of Cycla-
men persicum enabling gene function studies. Frontiers in Plant
Science 9:1035

Song Y, Bai X, Dong S, Yang Y, Dong H, et al. 2020. Stable and effi-
cient Agrobacterium-mediated genetic transformation of larch
using embryogenic callus. Frontiers in Plant Science 11:584492
Rakshit S, Rashid Z, Sekhar JC, Fatma T, Dass S. 2010. Callus induc-
tion and whole plant regeneration in elite Indian maize (Zea mays
L.) Inbreds. Plant Cell Tissue and Organ Culture 100:31-37

Arvinth S, Arun S, Selvakesavan RK, Srikanth J, Mukunthan N, et al.
2010. Genetic transformation and pyramiding of aprotinin-
expressing sugarcane with cry1Ab for shoot borer (Chilo infuscatel-
lus) resistance. Plant Cell Reports 29(4):383—-95

Page 6 of 6

27.

28.

29.

30.

31.
32.
33.

34.
35.

36.
37.

38.

Efficient sugarcane transgenic selection system

Basnayake SWV, Moyle R, Birch RG. 2011. Embryogenic callus
proliferation and regeneration conditions for genetic transforma-
tion of diverse sugarcane cultivars. Plant Cell Reports 30(3):439—-48
Zhu YJ, McCafferty H, Osterman G, Lim S, Agbayani R, et al. 2011.
Genetic transformation with untranslatable coat protein gene of
sugarcane yellow leaf virus reduces virus titers in sugarcane. Trans-
genic Research 20(3):503—-12

Rani K, Sandhu SK, Gosal SS. 2012. Genetic augmentation of sugar-
cane through direct gene transformation with Osgly /I gene
construct. Sugar Tech 14(3):229-36

Xiong Y, Jung JH, Zeng QC, Gallo M, Altpeter F. 2013. Comparison
of procedures for DNA coating of micro-carriers in the transient
and stable biolistic transformation of sugarcane. Plant Cell
112(1):95-99

Santosa DA, Hendroko R, Farouk A, Greiner R. 2004. A rapid and
highly efficient method for transformation of sugarcane callus.
Molecular Biotechnology 28(2):113-19

Dong S, Delucca P, Geijskes RJ, Ke J, Mayo K, et al. 2014. Advances
in agrobacterium-mediated sugarcane transformation and stable
transgene expression. Sugar Tech 16(4):366—71

Wang WZ, Yang BP, Feng XY, Cao ZY, Feng CL, et al. 2017. Devel-
opment and characterization of transgenic sugarcane with insect
resistance and herbicide tolerance. Frontiers in Plant Science 8:1535
Stachel SE, Messens E, Van Montagu M, Zambryski P. 1985. Identifi-
cation of the signal molecules produced by wounded plant cells
that activate T-DNA transfer in Agrobacterium tumefaciens. Nature
318:624-29

Hiei Y, Ohta S, Komari T, Kumashiro Y. 1994. Efficient transforma-
tion of rice (Oryza zativa L) mediated by Agrobacterium and
sequence analysis of the boundaries of the T-DNA. The Plant
Journal 6(2):271-82

Ishida Y, Saito H, Ohta S, Hiei Y, Komari T, et al. 1996. High effi-
ciency transformation of maize (Zea mays L. mediated by
Agrobacterium tumefaciens. Nature Biotechnology 14:745-50
Cheng M, Fry JE, Pang S, Zhou H, Hironaka CM, et al. 1997. Genetic
transformation of wheat mediated by Agrobacterium tumefaciens.
Plant Physiology 115:971-80

Sivanandhan G, Kapil Dev G, Theboral J, Selvaraj N, Ganapathi A.
2015. Sonication, vacuum infiltration and thiol compounds
enhance the Agrobacterium-mediated transformation frequency of
Withania somnifera (L.) Dunal. PLoS One 10(4):e0124693

Copyright: © 2023 by the author(s). Published by
Maximum Academic Press on behalf of Hainan

University. This article is an open access article distributed under

Creative Commons Attribution License

(CC BY 4.0), visit

https://creativecommons.org/licenses/by/4.0/.

Wang et al. Tropical Plants 2023, 2:11


https://doi.org/10.1016/S1369-5266(02)00234-0
https://doi.org/10.1016/S1369-5266(02)00234-0
https://doi.org/10.1007/s10722-016-0453-5
https://doi.org/10.1111/pbi.12962
https://doi.org/10.1111/pbi.12962
https://doi.org/10.1371/journal.pone.0240390
https://doi.org/10.1080/15592324.2022.2108253
https://doi.org/10.1080/15592324.2022.2108253
https://doi.org/10.3389/fbioe.2018.00024
https://doi.org/10.1007/s12033-021-00328-5
https://doi.org/10.13560/j.cnki.biotech.bull.1985.2015.01.014
https://doi.org/10.1007/s12042-017-9186-7
https://doi.org/10.1007/s12042-017-9186-7
https://doi.org/10.1186/s13007-017-0260-9
https://doi.org/10.1186/s13007-017-0260-9
https://doi.org/10.3389/fpls.2018.01035
https://doi.org/10.3389/fpls.2018.01035
https://doi.org/10.3389/fpls.2020.584492
https://doi.org/10.1007/s11240-009-9613-z
https://doi.org/10.1007/s00299-010-0829-5
https://doi.org/10.1007/s00299-010-0927-4
https://doi.org/10.1007/s11248-010-9432-3
https://doi.org/10.1007/s11248-010-9432-3
https://doi.org/10.1007/s11248-010-9432-3
https://doi.org/10.1007/s12355-012-0149-x
https://doi.org/10.1007/s11240-012-0208-8
https://doi.org/10.1385/MB:28:2:113
https://doi.org/10.1007/s12355-013-0294-x
https://doi.org/10.3389/fpls.2017.01535
https://doi.org/10.1038/318624a0
https://doi.org/10.1046/j.1365-313X.1994.6020271.x
https://doi.org/10.1046/j.1365-313X.1994.6020271.x
https://doi.org/10.1038/nbt0696-745
https://doi.org/10.1104/pp.115.3.971
https://doi.org/10.1371/journal.pone.0124693
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Embryogenic callus induction
	Agrobacterium strain and vector construction
	Genetic transformation protocol
	Herbicide tolerance testing of transgenic shoots in the lab
	Herbicide tolerance testing of transgenic shoots in the field
	Advantage of herbicide resistance in the field
	Utilization of the transgenic system
	Discussion
	References

