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Eggplant (Solanum melongena L.) is one of the most important vegetables grown and consumed in the
Philippines hence, continuous breeding programs are vital to maintain the supply of this economically
important crop. This study demonstrates the first successful Agrobacterium-mediated genetic
transformation and plant regeneration of the Philippine eggplant cultivar ‘PH 11424’ also known as
‘Mistisa’. Cotyledons from 2-wk-old seedlings were used as explants, which were transformed with
disarmed Agrobacterium tumefaciens strain LBA4404 harboring a binary vector for CRISPR/Cas9
expression and hygromycin phosphotransferase (HPT), an antibiotic selection marker. Growth of shoot
primordia from the agro-infected explants was observed during selective culture with 7.5 ppm hygromycin,
which indicated an initial success in transformation. The putatively transformed shoot primordia were then
transferred to an elongation medium. The elongated and hygromycin-resistant shoots were allowed to
develop roots in hormone-free medium supplemented with hygromycin, and subsequently acclimatized
under greenhouse conditions. The entire process took at least 5 — 6 mo. Of the total 585 agro-infected
explants, the regeneration efficiency of rooted shoots was 4.6%. Successful transformation was confirmed
by polymerase chain reaction (PCR) amplification of Cas9. Acclimatized plants tested positive for both
transgenes. The surviving transgenic eggplants successfully reached maturity, flowered and set seed.
These results demonstrate a working Agrobacterium-mediated transformation and plant regeneration
protocols using cotyledons as explants in a Philippine eggplant genotype. These biotechnology tools are
critical for the successful application of genetic engineering (GE) and new breeding techniques (NBTs) in
eggplant crop improvement.
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specifically introduce foreign DNA, producing crops with
insect resistance and herbicide tolerance (Hartung and

INTRODUCTION

Eggplant (Solanum melongena L.) is one of the most
important and popular vegetable crops grown and
consumed in the Philippines. It is a high-value vegetable
crop, with its value reaching PhP 6 billion in 2020 (PSA
2021). It is widely consumed and prevalent in the Filipino
diet. Biotechnological applications such as genetic
engineering (GE) and new breeding techniques (NBTs)
enable the development of improved eggplant varieties,
which promises great economic benefit. To hasten the
efficiency and process of plant breeding, transgenic
approaches have been employed since the mid-1990s to

Schiemann 2014). Crops harboring the insecticidal protein
CRY, Bt corn, and Bt eggplant have been developed, with
the latter recently approved for commercial propagation
in the Philippines on October 18, 2022. While the Bt
eggplant technology was developed through GE,
conventional crossing was performed to produce the
Philippine Bt eggplant, which was a cross between the
original event produced in India by the Maharashtra
Hybrid Seed Company (Mahyco) and Philippine
cultivated varieties (Shelton 2021). Plant transformation
and regeneration are critical steps in the application of GE
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and NBTs for crop improvement. However, until now,
there is no transformation system reported for Philippine

eggplant genotypes.

Agrobacterium-mediated transformation in eggplant
has been reported numerous times in previous literature
(Rotino and Gleddie 1990; Arpaia et al. 1997; Van Eck and
Snyder 2006; Pratap et al. 2011; Subramanyam et al. 2013;
Yesmin et al. 2014). However, most investigations used
genotypes from India or Europe. Genotype is one of the
most important factors for determining the capacity of
plant tissue to form somatic embryos and then to
regenerate into a whole plant (Sidhu et al. 2014). This
study reports a simple and efficient procedure for the
Agrobacterium-mediated transformation and regeneration
of a Philippine eggplant cultivar ‘PH 11424’ with A.
tumefaciens harboring a binary vector that confers a Cas9
expression cassette and resistance to the antibiotic
hygromyecin.

MATERIALS AND METHODS

Time and Place of the Study

This study was carried out at the Institute of Plant
Breeding (IPB) Biosafety Level 2 (BL2) laboratory and
greenhouse at the University of the Philippines Los
Bafios from February 2022 to April 2023.

Permissions

All experiments were conducted in accordance with the
Joint Department Circular No. 1 Series of 2016 for
contained use. The Department of Science and
Technology Biotechnology Committee (DOST-BC) issued
the corresponding Biosafety Permit No. 2020-0324. The
biosafety permit conditions were complied with
throughout the conduct of every experiment and
associated greenhouse and laboratory activities under the
supervision of the UPLB Institutional Biosafety
Committee and the DA-BPI Central Post-Entry
Quarantine Station.

Plant Material and Growth Conditions

Eggplant seeds of Philippine variety ‘PH 11424 ’or
‘Mistisa’” were obtained from the National Plant Genetic
Resources Laboratory, Institute of Plant Breeding, UPLB.
This modern-bred cultivar was chosen based on its
baseline regeneration efficiency from cotyledon explants
(around 30%), which was the highest among the other
genotypes  screened  in regeneration
experiments done without transformation. Plant
materials for transformation were grown in vitro. Seeds
were surface sterilized with a 10% commercial bleach
and 0.02% Tween 20 solution for 20 min with continuous

previous
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mixing. Seeds were rinsed thrice with sterile distilled
water. Afterwards, seeds were dried on sterile filter paper
and placed into sterile bottles containing half-strength
Murashige and Skoog (MS) medium with 1.5% sucrose,
pH 5.8, and solidified with 0.45% sucrose. The cultures
were maintained in a growth room at 25°C and under
16:8 photoperiod.

Bacterial Strain and Growth Conditions

Agrobacterium tumefaciens strain LBA4404, an octopine
strain with Ach5 chromosomal background (Ooms et al.
1982), carrying a  modified  binary  vector
pZH_PubiMMCas9 (Mikami et al. 2015) was used.
pZH_PubiMMCas9 was obtained from the Watanabe
Laboratory at the Gene Research Center, University of
Tsukuba, Japan. pZH_PubiMMCas9 contains an
expression cassette for Cas9 under the control of the
maize ubiquitin promoter, an expression cassette for
CRISPR/Cas guide RNA under control of the Arabidopsis
thaliana U6 promoter (AtU6) and an expression cassette
for hygromycin phosphotransferase (HPT), under control of
the 35S promoter from the cauliflower mosaic virus (Fig.
1). The plasmid also contains an expression cassette for
CRISPR/Cas guide RNA. A. tumefaciens strain ‘LBA4404’
bacteria were grown at 28°C in YEB medium (5 g/L beef
extract, 1 g/L yeast extract, 5 g/L peptone, 5 g/L sucrose,
0.5 g/L MgClz, pH 7.0) with shaking at 200 rpm until they
reached an ODew equal to 1.0 (around 20 — 24 h). Bacteria
were pelleted and resuspended in Yi-strength MS
medium with 1.5% sucrose and 100 uM acetosyringone
and was used for co-cultivation.

Stable Transformation and Plant Regeneration

Agrobacterium-mediated transformation of eggplant
(Solanum melongena L. cv. ‘Mistisa’) cotyledons was
carried out. After agro-infection, an established eggplant

AtUB Promoter,crRNA, gRNA scaffold, polyA
RB

pZH_PubiMMCas9
19288 bp

SpecR
T0sActl

CaMV 355
hygromycin phosphotransferase

hsp17.3 ter

Fig. 1. Plasmid map of pZH_PubiMMCas9.
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regeneration protocol using direct organogenesis and
zeatin riboside (Garcia-Fortea et al. 2020) was performed
with slight modifications to eliminate remaining bacteria
and select for transformed cells. All culture conditions
were at 25°C and under 16:8 photoperiod. Cotyledons
from 2-wk-old seedlings were excised to obtain explants
around 0.5 — 1 cm? in size; small wounds using the
scalpel tip were incised at the adaxial side. Explants were
inoculated adaxial-side-down on sterile Petri dishes
containing Ys-strength MS medium with 1.5% sucrose,
0.45% vitro agar, 2 mg/L zeatin riboside, and 100 pM
acetosyringone for 2 d. Afterwards, in a sterile Petri dish,
explants were submerged in the Agrobacterium solution
for 5 min before drying onto a sterile paper towel and
transferring back to the same medium again, still adaxial-
side-down, for a 3-d co-cultivation period. Explants were
washed once with sterile distilled water and then once
with a 300 mg/L timentin solution before drying on a
sterile paper towel and transferring adaxial-side-up to
selective medium (¥2-strength MS, 1.5% sucrose, 0.45%
vitro agar, 2 mg/L zeatin riboside, 100 mg/L timentin, 7.5
mg/L  hygromycin, 200 mg/L PVP40). Prior to
transformation, a hygromycin sensitivity assay was done
to test varying concentrations of hygromyecin (0, 5, 7.5, 10,
and 15 mg/L), and it was determined that 7.5 mg/L
hygromycin was a sufficient concentration that did not
allow regeneration of non-transformed explants in a
sample size of 30 explants.

Shoot primordia were allowed to develop for 3 — 4
wk. Explants were then transferred to elongation
medium (¥2-strength MS, 1.5% sucrose, 0.45% vitro agar,
0.5 mg/L gibberellic acid (GAs), 100 mg/L timentin, 7.5
mg/L hygromycin). Shoots were allowed to develop with
sub-culturing every 3 wk to fresh elongation medium.
Calli that developed were also sub-cultured; calli that
already formed shoots were discarded afterwards to
avoid propagating multiple shoots from the same cell
lineage, for easier management of cultures and
subsequent analysis of regenerants. Hygromycin
concentration was lowered at this stage to encourage root
formation. Shoots around 2 cm in size were transferred to
rooting medium (%s-strength MS, 1.5% sucrose, 0.45%
vitro agar, 100 mg/L timentin, 5 mg/L hygromycin).
Shoots were allowed to root twice prior to
acclimatization. Culture bottles of rooted shoots were
slightly opened and acclimatized in ambient laboratory
conditions (approx. 29°C, moderate light) for 1 wk and
subsequently in ambient greenhouse conditions for an
additional week prior to transplanting. Flowers were self-
pollinated by assisted pollination using forceps and then
covered with bags. Physiologically mature fruit were
harvested 60 d after pollination.

| Philipp Agric Scientist (2024)107(1):14-19

Mark Gabriel S. Sagarbarria et al.

Amplification of Transgenes

Approximately 200 mg of leaf discs was used to extract
genomic DNA from transformed and regenerated plants
(Paterson et al. 1993). The DNA pellet was resuspended
in 40 — 50 uL of TE buffer and stored at -20°C until use.
Transgenes were amplified via PCR using the following
primers: (MMCas9-F: 5 -
GACCCGCAAGTCTGAAGAAACT - 3'; MMCas9-R: 5'-
TCTTGAGGAGATCGTGGTACGT - 3; HPT-F: 5 -
CGAGAGCCTGACCTATTGCATC-3; HPT-R: 5 -
GAAATTGCCGTC AACCAAGCTC - 3). The
amplification reaction mixture consisted of 1X buffer
(Invitrogen), 2 mM MgClz, 0.2 mM dNTPs, 0.2 uM of the
forward and reverse primers, 1U of Taq polymerase
(Invitrogen), and 10 ng of genomic DNA. The thermal
profile was: 94°C for 5 min, 35 cycles of 94°C for 30 s,
58°C for 45 s, and 72°C for 1 min, then 72°C for 7 min.
For HPT amplification, the annealing temperature was
instead set to 56.5°C.

RESULTS AND DISCUSSION

From a total of 585 cotyledon explants, 27 rooted shoots
were regenerated resulting in a 4.6% regeneration
efficiency ([number of rooted shoots / number of total
explants] x 100). Direct shoot organogenesis, indicated by
shoot primordia developing directly from the explants,
was observed 3 — 4 wk in selective medium (Fig. 2A),
even after agro-infection and the presence of 7.5 mg/L
hygromycin in the medium. Upon transfer to the
elongation medium, shoots elongated and further
developed. However, formation of white, friable calli was
also observed, which proliferated in the elongation
medium. Calli eventually turned brown, but some shoots
were also observed to develop from these calli (Fig. 2B).
Time for shoot development varied greatly —some shoots
that developed directly from the explant tissue started
elongating the earliest at 4 wk after transfer to elongation
medium. Shoots at least 2 cm in size were transferred to
hormone-free medium with 5 mg/L hygromycin, and
earliest rooting was observed 8 wk after transfer to this
medium (Fig. 2C). For simplicity of discussion, this was
noted as a total of 15 wk after transfer to elongation
medium. The duration of direct regeneration from
explants was estimated to occur between 15 — 21 wk after
transfer to elongation medium. This is based on previous
regeneration experiments without transformation
wherein majority of shoots had rooted within 7 wk after
elongation. From plants directly regenerated from
explants, it took 5 — 6 mo from agro-infection to obtain
fully acclimatized rooted plants. After acclimatization,
transformed plants were able to reach maturity,
producing flowers and fruit, from which seeds were
extracted (Fig. 2D-F).
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Fig. 2. A) Shoot regeneration from cotyledon explants after Agrobacterium co-cultivation, in medium containing 7.5 mg/L
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hygromycin and 100 mg/L timentin after 3 wk. Scale bar = 1 mm. B) Shoot elongation in elongation medium containing 7.5
mg/L hygromycin and 100 mg/L timentin. Scale bar = 1 mm. C) Rooting of regenerated shoots. Scale bar = 1 mm. D)
Acclimatization of rooted shoots in greenhouse conditions and planting in soil. E) Fruit production of a self-pollinated flower
in the transformed plants. F) Extraction of seeds from physiologically mature self-pollinated fruits.

In contrast, emergence of new shoots and elongation
of extant shoots derived from calli started around 8 wk
after transfer to elongation medium. Since the calli were
kept in culture, continuous shoot regeneration from calli
was observed. Regeneration of call-derived shoots
occurred 27 — 40 wk after transfer to elongation medium.
The long regeneration time from calli could be attributed
to reduced organogenic potential because only
gibberellic acid (GAs) was the hormone present in the
elongation medium, and the added stress or selection
pressure from the presence of hygromycin (Tran and
Sanan-Mishra 2015).

Among the total of 27 rooted plants, 8 or 29.60% were
expected to have regenerated directly from explants since
they had rooted after a total of 15 — 21 wk after transfer to
elongation medium (Fig. 3). The remaining 19 or 70.40%
were expected to be calli-derived since they regenerated
22 - 40 wk after transfer to elongation medium.

Since regenerants were directly obtained from
explants and indirectly from calli, the performance of the
two sources after acclimatization was compared (Table 1).

While more plants were calli-derived, most did not
survive the acclimatization process with only 26.30%
acclimatization rate. Furthermore, only one out of the
five acclimatized calli-derived plants successfully
produced fruit. On the other hand, all except one plant
derived from direct organogenesis had survived the
acclimatization process. From the surviving plants, all
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but one was able to produce seeded fruit. It is also worth
noting that the plant that did not produce fruit had died
due to Phomopsis rot disease.

Low acclimatization and fruiting percentages from
calli-derived plants may be due to tissue culture-induced
variation or somaclonal variation from their relatively
longer total culture periods. While this was not
experimentally verified, tissue culture conditions such as
wounding, media, and environment cause oxidative
stress and have been known to lead to the accumulation
of mutations that ultimately result in somaclonal
variation (Cassells and Curry 2001; Gaspar et al. 2002;
Ghosh et al. 2021).

12

=
o« o

NUMBER OF REGENERATED PLANTS
»

15-21 22-28 29-38

Weeks after Transfer to Elengation Medium

Fig. 3. Number of rooted plants generated over the total
time cultures were maintained after transfer to elongation
medium. Weeks 15 — 21 represent number of plants
obtained from direct organogenesis. Weeks 22 — 28 and 29
— 36 represent number of plants obtained from calli.

| Philipp Agric Scientist (2024)107(1):14-19



Genetic Transformation and Plant Regeneration of Cotyledons

Mark Gabriel S. Sagarbarria et al.

Table 1. Number of rooted plants, acclimatized plants, and fruiting plants from explant and calli-derived plants.

Acclimatized Plants

Fruiting Plants

Source Rooted Plants (n) % n %
Explant-derived (direct organogenesis) 8 7 87.50 6 85.70
Calli-derived (indirect organogenesis) 19 5 26.30 1 20.00
TOTAL 27 12 44.40 7 58.30
Results of the PCR test detected positive amplification
products of Cas9 and HPT from DNA extracted from nine ACKNOWLEDGMENT

acclimatized plants, which includes the seven fruiting
plants, while the wild-type (WT), non-transformed
control of ‘PH 11424’ tested negative for Cas9 and HPT

(Fig. 4).

Sample 1 2 3 4 5 6 7 8 9 wT NC
Cas9 + + + + + + + + +
HPT + + + + + + + + +

Cas9

HPT

Fig. 4.

Amplification of Cas9 and HPT in from nine
acclimatized plants. WT = negative control using wild-type
PH11424 DNA as template during PCR. NC = PCR mix with
no added DNA template.

CONCLUSION

These results describe a successful Agrobacterium-
mediated transformation and regeneration protocol for a
Philippine eggplant genotype. Agrobacterium-
transformed plants were able to regenerate shoots
through both direct organogenesis and an intermediary
callus step. While more plants were obtained from calli,
these plants had low during
acclimatization. Furthermore, due to the increased
likelihood of obtaining somaclonal variations from plants
the longer they are cultured in vitro, it is recommended
that only shoots from direct organogenesis be kept in
future transformation experiments.

survival rates

While the obtained regeneration efficiency from this
study (4.6%) may be improved upon as compared to
other protocols (reviewed by Saini and Kaushik 2019),
this study reports a working protocol for a Philippine
eggplant genotype, with high acclimatization rate and
reproductive  capability of plants from direct
organogenesis and consistent transgene presence in
surviving plants. These results will provide a useful
platform for future eggplant genetic engineering and
genome editing studies, which can ultimately pave the
way towards a more robust Philippine Agricultural
Biotechnology sector.

| Philipp Agric Scientist (2024)107(1):14-19

This research was funded through the project grant to
UPLB (Project Code: N91832A) by the Department of
Science and Technology - Philippine Council for
Agriculture, Aquatic and Natural Resources Research
and Development (DOST-PCAARRD) and the matching
funds provided by the Institute of Plant Breeding. The
authors would like to thank the Tsukuba Plant
Innovation Research Center in the University of Tsukuba
(UT), Japan for providing access to the Agrobacterium
isolates and constructs used in this study. The authors
would also like to thank Ms. Rowena Frankie, Genetics
Lab Technician II, for her assistance in the transformation
and sub-culturing activities.

Author Contributions

MGSSagarbarria wrote the first draft of the manuscript.
MGSSagarbarria, JAMCaraan, IBMOloc-oloc, and
PGLipio performed tissue culture and transformation
experiments. KNWatanabe and DMHautea supervised
the early stages of this work. MGSSagarbarria,
KNWatanabe and DMHautea contributed to study
conception. All authors contributed to the revision of the
manuscript and approved the final version.

REFERENCES CITED

ARPAIA S, MENNELLA G, ONOFARO V, PERRI E,
SUNSERI F, ROTINO GL. 1997. Production of
transgenic eggplant (Solanum melongena L.) resistant
to Colorado Potato Beetle (Leptinotarsa decemlineata
Say). Theor Appl Genet. 95(48):329-334. doi:10.1007/
5001220050567 .

CASSELLS AC, CURRY RF. 2001. Oxidative stress and
physiological, epigenetic and genetic variability in
plant tissue implications for
micropropagators and genetic engineers. Plant Cell
Tiss Org. 64:145-157. d0i:10.1023/A:1010692104861.

culture:

GARCIA-FORTEA E, LLUCH-RUIZ A, PINEDA-
CHAZA BJ, GARCIA-PEREZ A, BRACHO-GIL JP,
PLAZAS M, GRAMAZIO P, VILANOVA §,
MORENO V, PROHENS ]J. 2020. A highly efficient
organogenesis protocol based on zeatin riboside for in
vitro regeneration of eggplant. BMC Plant Biol. 20:6.
doi:10.1186/s12870-019-2215-y.

https://pas.cafs.uplb.edu.ph

18



19

Genetic Transformation and Plant Regeneration of Cotyledons

GASPAR T, FRANCK T, BISBIS B, KEVERS C, JOUVE L,
HAUSMAN JF, DOMMES J. 2002. Concepts in plant
stress physiology. Application to plant tissue cultures.
Plant Growth Regul. 37:263-285. doi:10.1023/
A:1020835304842.

GHOSH A, IGAMBERDIEV AU, DEBNATH SC. 2021.
Tissue culture-induced DNA methylation in crop
plants: a review. Mol Biol Rep. 48(1):823-841.
doi:10.1007/s11033-020-06062-6.

HARTUNG F, SCHIEMANN ]. 2014. Precise plant
breeding using new genome editing techniques:
opportunities, safety and regulation in the EU. Plant J.
78(5):742-752. d0i:10.1111/tpj.12413.

MIKAMI M, TOKI S, ENDO M. 2015. Parameters
affecting frequency of CRISPR/Cas9 mediated
targeted mutagenesis in rice. Plant Cell Rep. 34
(10):1807-1815. d0i:10.1007/s00299-015-1826-5.

OOMS G, HOOYKAAS PJ, VAN VEEN R], VAN
BEELEN P, REGENSBURG-TUINK 1],
SCHILPEROORT RA. 1982. Octopine Ti-Plasmid
deletion mutants of Agrobacferium tumefaciens with
emphasis on the right side of the T-Region. Plasmid. 7
(1):15-29. doi:10.1016/0147-619x(82)90023-3.

PATERSON AH, BRUBAKER CL, WENDEL JF. 1993. A
rapid method for extraction of cotton (Gossypium spp.)
genomic DNA suitable for RFLP or PCR analysis.
Plant Mol Biol Rep. 11:122-127. doi:10.1007/
BF02670470.

PRATAP D, KUMAR S, RAJ SK, SHARMA AK. 2011.
Agrobacterium-mediated transformation of eggplant
(Solanum melongena L.) using cotyledon explants and
coat protein gene of Cucumber mosaic virus. Indian J
Biotechnol. 10:19-24. https://nopr.niscpr.res.in/
bitstream/123456789/10946/1/IJBT %2010(1)%2019-
24.pdf.

[PSA] Philippine Statistics Authority. 2021. Major
vegetables and rootcrops quarterly bulletin, January—
December 2021 (Eggplant).

ROTINO GL, GLEDDIE S. 1990. Transformation of
eggplant (Solanum melongena L.) using a binary
Agrobacterium tumefaciens vector. Plant Cell Rep. 9:26—
29. doi:10.1007/BF00232129.

https://pas.cafs.uplb.edu.ph

Mark Gabriel S. Sagarbarria et al.

SAINI DK, KAUSHIK P. 2019. Visiting eggplant from a
biotechnological perspective: a review. Sci Hortic-
Amsterdam. 253:327-340. doi:10.1016/

j-scienta.2019.04.042.

SHELTON AM. 2021. Bt eggplant: a personal account of
using biotechnology to improve the lives of resource-
poor farmers. Am Entomol. 67(3):52-59. d0i:10.1093/
ae/tmab036.

SIDHU MK, DHATT AS, SIDHU GS. 2014. Plant
regeneration in eggplant (Solanum melongena L.): a
review. Afr ] Biotechnol. 13(6):714-722. d0i:10.5897/
AJBX2013.13521.

SUBRAMANYAM K, RAJESH M, JAGANATH B,
VASUKI A, THEBORAL ], ELAYARAJA D, KARTHIK
S, MANICKAVASAGAM M, GANAPATHI A. 2013.
Assessment of factors influencing the Agrobacterium-
mediated in planta seed transformation of brinjal
(Solanum melongena L.). Appl Biochem Biotech. 171
(2):450-468. doi:10.1007/5s12010-013-0359-z.

TRAN TN, SANAN-MISHRA N. 2015. Effect of
antibiotics  on  callus  regeneration  during
transformation of IR 64 rice. Biotechnol Rep (Amst).
7:143-149. d0i:10.1016/j.btre.2015.06.004.

VAN ECK ], SNYDER A. 2006. Eggplant (Solanum
melongena L.). Methods Mol Biol. 343:439-447.
doi:10.1385/1-59745-130-4:439.

YESMIN S, SARKER RH, HOQUE MI, HASHEM A,
ISLAM MS. 2014. Agrobacterium-mediated genetic
transformation of eggplant (Solanum melongena L.)
using cotyledon explants. Nucl Sci App. 23(1&2):41-
46. https://baec.portal.gov.bd/sites/default/files/files/
baec.portal.gov.bd/
page/1f00cdOe_737d_4e2e_ab9f_08183800b7a2/
NSA_Vol-23-Paper%207.pdf.

| Philipp Agric Scientist (2024)107(1):14-19



