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Abstract

A highly efficient transformation protocol is a prerequisite to developing genetically modified and genome-edited crops. A tissue
culture system spanning culture initiation from floral material to conversion of embryos to plants has been tested and improved in
Theobroma cacao. Nine cultivars were screened for their tissue culture response and susceptibility to Agrobacterium transfer-
DNA delivery as measured through transient expression. These key factors were used to determine the genetic transformability of
various cultivars. The high-yielding, disease-resistant cultivar INIAPG-038 was selected for stable transformation and the
method was further optimized. Multiple transgenic events were produced using two vectors containing both yellow fluorescent
protein and neomycin phosphotransferase 1l genes. A two-fold strategy to improve both T-DNA delivery and secondary somatic
embryogenesis rates was conducted to improve overall transformation frequency. The use of Agrobacterium strain AGL1 and
cotyledon tissue derived from secondary somatic embryos ranging in size between 4 to 10 mm resulted in the highest T-DNA
delivery efficiency. Furthermore, the use of higher concentrations of basal salts and cupric sulfate in the medium increased the
frequency of explants producing greater than ten embryos by five-fold and four-fold during secondary somatic embryogenesis,
respectively. Consequently, an optimal combination of all these components resulted in a successful transformation of INTAPG-
038 with 3.7% frequency at the T, plant-level. Grafting transgenic scions with undeveloped roots to non-transgenic seedlings
with healthy roots helped make plantlets survive and facilitated quick transplantation to the soil. The presented strategy can be
applied to improve tissue culture response and transformation frequency in other Theobroma cacao cultivars.

Keywords Theobroma cacao - Agrobacterium tumefaciens - Genetic transformation - Somatic embryogenesis - Regeneration -
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Introduction

Theobroma cacao L. is an economically important crop

grown predominantly in Africa, although the species was orig-
inally domesticated in South America where significant pro-
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transgenic approaches can be used to improve and greatly
accelerate the pace of trait development.

The first stable transformation to regenerate Theobroma
cacao plants was reported by Maximova et al. (2003) and
since then there have been only a few other successful reports
of the transformation of TcChil (Maximova et al. 2006),
TcLEC?2 (Shires et al. 2017; Fister et al. 2018b), and D5C
and pD4el (Mejia et al. 2012) into Theobroma cacao.
Transient expression of CRISPR/Cas9 was also used to par-
tially knockout TcNPR3 to improve defense response in
Theobroma cacao (Fister et al. 2018a). The introduction of
BABY BOOM transcription factor into Theobroma cacao sig-
nificantly increased transformation frequency, but it caused a
regeneration issue with an abnormal phenotype (Florez et al.
2015). These previously mentioned experiments were per-
formed on the amenable cultivar PSU SCA-6. Previous to this
study, all reports published in the literature of transgenic
plants being recovered were only in cultivar PSU SCA-6.
Although PSU SCA-6 is not identical to SCA-6, the original
SCA-6 was collected from the wild in the Peruvian Amazon
(Zhang et al. 2011) and has some natural disease resistance
(Pokou et al. 2019). However, this cultivar is not highly pro-
ductive (Susilo ef al. 2009). For genetic transformation to be
used most effectively, the ability to transform many
Theobroma cacao cultivars, including those less amenable
to transformation, must be established. Ideally, a single
genotype-independent transformation method would be de-
veloped, but similar to somatic embryogenesis which has
had broad success across the plant kingdom, there still exists
a high degree of genotype-to-genotype variation and so pro-
tocol customization is necessary (Garcia ef al. 2016).
Optimization of the basal salts, duration of hormone treat-
ments, explant quality, and explant type are effective ways
to improve the culturing response of recalcitrant cultivars.

Several explant types are used in Theobroma cacao tissue
culture and the transformation process, which include petals
and staminodes from unopened, immature flowers, cotyledon
tissue from somatic embryos, and intact somatic embryos.
Petals and staminodes are capable of primary somatic embryo-
genesis (Esan 1975; Li ef al. 1998; Tan and Furtek 2003; da
Silva et al. 2008; Garcia et al. 2016) and are the starting point
for all subsequent processes. Cotyledon tissue derived from
somatic embryos is an alternative tissue type and efficient at
secondary, tertiary, and quaternary somatic embryogenic re-
sponses (Maximova et al. 2002). Mature somatic embryos
undergo conversion to plantlets and are able to be transplanted
to soil. So far, all previous transformation methods
(Maximova et al. 2003, 2006; Florez et al. 2015; Shires
et al. 2017)used an embryogenic approach utilizing cotyledon
tissue from somatic embryos. The advantages to this approach
include previously described methodologies, the predominant
single-cell origin of embryos (Maximova et al. 2002), and the
high number of embryos cotyledon tissue capable of

producing. Alternatively, an organogenic approach was not
thoroughly explored because of the lack of previously de-
scribed methods in Theobroma cacao, the apparent difficulty
of establishing a new tissue culture system, and the non-clonal
nature of seed which would result in the loss of the original
cultivar if used as an organogenic donor material.

In this study, we report a successful Agrobacterium-medi-
ated transformation and regeneration protocol for INIAPG-
038, using improved somatic embryogenesis and
Agrobacterium infection. INIAPG-038 is a breeding line de-
veloped by Mars Wrigley, Incorporated, in collaboration with
United States Department of Agriculture (USDA) and
Instituto Nacional de Investigaciones Agropecuarias
(INTIAP). It is a highly productive cultivar which has tolerance
to fungal diseases such as frosty pod disease (Costa et al.
2012; Meinhardt et al. 2014) and witches broom disease
(Mondego et al. 2008). We also demonstrate a method for
evaluating how amenable a cultivar is to tissue culture and
transformation as well as provide data on the cultivars we
screened.

Materials and Methods

Plant material Nine Theobroma cacao cultivars, SCA-6,
CCN-51, INIAPG-038, INIAPT-374, INIAPG-152,
INIAPM-053, INIAPG-029, INIAPT-484, and Matina 1-6,
were used for tissue culture response experiments.
Unopened, immature flowers originated from USDA
Agricultural Research Service Subtropical Horticulture
Research Station in Miami, FL, where they were harvested
from the greenhouse in the morning then shipped overnight
to the Innovative Genomics Institute (IGI) Plant Genomics
and Transformation Facility, Berkeley, CA. Cultivars were
primarily chosen based on their consistent availability of
flowers. The flowers were sealed within a 50-mL Falcon con-
ical centrifuge tube which contained a 5 mM dithiothreitol
solution and shipped in a Styrofoam insulated box along with
ice packs to maintain a temperature of approximately 4°C.

Initiation of primary embryogenesis using flower material
and improvements Immature flowers were used to initiate
primary somatic embryos according to the previous protocols
(Li et al. 1998; Garcia et al. 2016) with some modifications.
The medium composition followed was that of Garcia et al.
(2016). Explants of 9 cultivars were observed after 3 to 4 mo
of culture to determine the rate at which both staminode and
petal explants formed embryos; a brief summary of the meth-
od follows. To initiate flower material, it is surface-sterilized
using a 20% (v/v) bleach solution (final concentration of
1.05% sodium hypochlorite) containing 0.002% Tween 20
then dissected; the petals and staminodes are placed onto pri-
mary callus growth (PCG) medium for 2 wk then transferred
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to secondary callus growth (SCG) medium (Garcia et al.
2016) for 2 wk, after which, it is transferred to ED4 (embryo
development medium containing 4% sucrose, Garcia et al.
(2016)) for 2 wk then subsequently on ED3 (embryo devel-
opment medium containing 3% sucrose, Garcia et al. (2016))
where it remains until embryos have formed and observations
made. The total amount of staminodes and petals used for
each cultivar as well as the number of replicates for each
cultivar varied; they are as follows: SCA-6 with 1879 total
explants across 2 replicates, CCN-51 with 985 total explants
across 6 replicates, INIAPG-038 with 716 total explants
across 7 replicates, INIAPT-374 with 623 total explants across
4 replicates, INIAPG-152 with 395 total explants across 4
replicates, INJAPM-053 with 295 total explants across at 4
replicates, INTAPG-029 with 260 total explants across 4 rep-
licates, INIAPT-484 with 281 total explants across at 4 repli-
cates, and Matina 1-6 with 645 total explants across 4
replicates.

Initiation of secondary somatic embryogenesis using primary
embryos To induce secondary somatic embryogenesis, coty-
ledons were excised from primary somatic embryos and dis-
sected into 4- to 10-mm segments. These explants were han-
dled according to the method described by Maximova et al.
(2002) and Garcia et al. (2016), although the SCG medium
used was from the later. Secondary somatic embryos were
harvested from these cultures while they were on ED3 and
used for conversion to plantlets and Agrobacterium transfor-
mation. Initially, four cultivars, INTAPG-038, CCN-51, SCA-
6, and INIAPT-374, were screened for the rates at which pri-
mary somatic embryo explants formed secondary somatic em-
bryos. The embryos yielded from these explants were counted
at approximately 10 wk and each explant ranked into one of
four ratings: no embryos produced, 1 to 4 embryos produced,
5 to 9 embryos produced, and > 10 embryos produced. The
total amount of explants used for each cultivar as well as the
number of replicates for each cultivar varied; they are as fol-
lows: INIAG-038 with 2698 explants across 9 replicates,
CCN-51 with 791 explants across 7 replicates, SCA-6 with
2514 explants across 8 replicates, and INIAT-374 with 752
explants across 5 replicates.

Embryo conversion and plantlet regeneration Somatic em-
bryos remained on ED3 medium until they were approximate-
ly 15 to 20 mm in length, at which point they were ready for
conversion to plantlets. The conversion process began when
these somatic embryos were placed onto ED6 medium (em-
bryo development containing 6% sucrose, Garcia et al.
(2016)) and were exposed to low levels of light-emitting diode
(LED) light, 10 to 30 umol m* s~'. These embryos were
incubated at 27°C and the Petri dishes were then wrapped with
3M Micropore tape (3M, St. Paul, MN) to allow for gas ex-
change. After 2 wk on ED6, the embryos were transferred to

embryo development light (EDL) media (Li ef al. 1998) and
then maintained on EDL with transfers every 2 wk. As the
cultures developed, they were slowly exposed to higher LED
light intensities, 30 to 60 umol m 2 s~'. The conversion rates
of various cultivars were measured and compared. An embryo
was considered converted if it produced a shoot with a meri-
stem and a root at least 1 cm in length. When the plantlets
were 2.5 cm tall, they were transferred to a Phytatray ™ II
(Sigma-Aldrich, St. Louis, MO) containing 100 mL of medi-
um and sealed with 3M Micropore tape. The cultivars tested
include INIAPT-374, CCN-51, and INIAPG-038. The total
amount of embryos used for each cultivar as well as the num-
ber of replicates for each cultivar varied; they are as follows:
INIAPT-374 with 256 embryos across 4 replicates, CCN-51
with 227 embryos across 8 replicates, and INIAPG-038 with
868 embryos across 9 replicates.

Transfer-DNA (T-DNA) delivery efficiency test Four cultivars,
INTIAPG-038, SCA-6, CCN-51, and INIAPT-374, were tested
for transient fluorescent protein expression (FPE) after trans-
formation. Two different binary vectors, pPDDNPTYFP-1 and
pDDNPTYFP-2, were used in Theobroma cacao transforma-
tion experiments (Fig. 1); pPDDNPTYFP-1 contains neomycin
phosphotransferase II (nptll)-GlyLink-enhanced yellow fluo-
rescent protein (eyfp) translational fusion driven by the cauli-
flower mosaic virus 35S (CaMV35S) promoter (Fig. la)
while pPDDNPTYFP-2 contains two separate gene cassettes,
nptll driven by the enhanced CaMV35S promoter and eyfp
driven by the Nos promoter/TMV (2 enhancer (Fig. 15). Both
vectors were built in the pCAMBIA2300 backbone.
Secondary embryos of similar size, color, and morphology
were selected from each cultivar and infected using the
methods later described using the Agrobacterium strain
AGLI1. Explants were assessed based on FPE 7 d after
Agrobacterium infection. Each explant was examined and
ranked based on the percentage of its surface area that is ex-
pressing YFP. There were three rankings in total: 0 to 5% FPE
coverage, 6 to 20% FPE coverage, and > 20% FPE coverage.
The treatment with the greatest percent of explants with >
20% FPE coverage was selected as the best; however, it was
sometimes useful to consider the distribution throughout all
the rankings. The total amount of explants used for each cul-
tivar as well as the number of replicates for each cultivar
varied; they are as follows: INIAPG-038 with 2025 explants
across 16 replicates, CCN-51 with 472 explants across 6 rep-
licates, SCA-6 with 2905 explants across 10 replicates, and
INIAPT-374 with 449 explants across 6 replicates.

T-DNA delivery and tissue culture improvements in INIAPG-
038 Four Agrobacterium strains, LBA4404, AGL1, EHA105,
and GV3101, containing pPDDNPTYFP-1 were tested for T-
DNA delivery efficiency. Three separate replicates comparing
all 4 strains were conducted, the total explants used for each
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Ficure 1 Schematic diagram of a
two transformation vectors used

for Theobroma cacao L.

transformation. (a)

pDDNPTYFP-1 is a 3637-bp T-

DNA fragment containing neo- RB
mycin phosphotransferase 11

(npl) and enhanced yellow fluo-

rescent protein (eyfp) translation-

al fusion driven by a CaM V35S

promoter. (b)) pPDDNPTYFP-2 is a b
4416-bp T-DNA fragment con-

taining two gene cassettes where

eyfp is driven by a Nos promoter/

TMV € enhancer and nptll is

driven by an enhanced CaMV35S RB
promoter.

treatment of each replicate ranged from 130 to 200, and all
material was sourced from INIAPG-038. All excised cotyle-
don tissue from the secondary somatic embryos was collected
into a single Petri dish and randomized before being separated
and treated with four different Agrobacterium strains. Prior to
infection, each Agrobacterium strain was suspended into the
infection medium and then diluted so that each Agrobacterium
treatment was the same optical density at 600 nm wavelength
(ODgponm)- These experiments were evaluated based on FPE
coverage at 1 wk after infection using the method described
previously.

The effect of secondary somatic embryo size on T-DNA
delivery was also examined in INIAPG-038. Somatic embry-
os ranging in size between 4 to 10 mm were compared to
somatic embryos 10 to 20 mm. The total amount of explants
used and number of replicates for each treatment are the fol-
lowing: 4 to 10 mm embryo size used 1007 explants across 9
replicates, and the 10 to 20 mm embryo size used 714 explants
across 5 replicates. Explants were evaluated with the method
described previously.

The effect of doubled woody plant medium (WPM) basal
salt (Lloyd and McCown 1981) concentration as well as
WPM adjusted to 5.0 uM of CuSO, in SCG was examined
for their effect on secondary embryo production in INIAPG-
038. The treatments, total number of explants, and replicates
are as follows: Standard 1% SCG medium evaluated with 198
explants across 3 replicates, 1x SCG containing additional
CuSO, evaluated with 327 explants across 5 replicates, and
2x SCG containing double concentration of WPM basal salts
evaluated with 219 explants across 5 replicates. The explants
were evaluated with the method described previously.

Stable Transformation of INIJAPG-038 Transformations were

performed using cotyledon tissue derived from somatic em-
bryos of 4- to 10-mm length, white or tan in color, and with
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normal morphology. The donor material used for the transfor-
mation process was secondary somatic embryos, making the
transformation a tertiary somatic embryogenic process. To
prepare the explants, cotyledon tissue from the previously
selected secondary embryos was excised then dissected into
4- to 10-mm segments. The infection step was performed by
suspending the explants in 10 to 20 mL of liquid medium
harboring Agrobacterium contained within a sealed 50-mL
test tube. The infection medium consisted of MS basal salt
and vitamins containing 200 M acetosyringone, 1 mg L™
indoleacetic acid, and 2 mg L' zeatin. The Agrobacterium
was thoroughly suspended in the liquid infection medium and
the ODggonm Was measured prior to use and adjusted to 0.400.
After 1 to 2 h of agitation, the Agrobacterium-infected coty-
ledon explants were transferred to a SCG-based co-cultivation
medium and incubated at 21°C for 92 + 8 h before the
Agrobacterium was washed away. To remove the
Agrobacterium, the explants were transferred from co-
cultivation medium into a 50-mL Falcon conical centrifuge
tube containing 5 mL of liquid SCG medium and agitated
using a 1-mL pipette for 1 min, then the liquid SCG medium
was decanted and additional 20 mL of liquid SCG medium
was added and the tube was agitated for 1 h using an orbital
shaker at 75 rpm. The cotyledon tissue was then transferred to
a modified SCG medium containing 200 mg L™ cefotaxime
and 200 mg L' Timentin™. The tissue remained on this
antibiotic containing SCG for between 2 and 4 wk before
transfer to ED4 medium containing the same antibiotics for
another 2 wk; afterwards, the tissue was maintained on ED3
with antibiotics. Antibiotics remained in the medium whenev-
er there were explants that had been directly exposed to
Agrobacterium. However, later in the process during the con-
version of quaternary somatic embryos, the antibiotics were
removed from the medium. The first, second, and third trans-
formations were conducted without the use of chemical
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selection and transgenic embryos were identified using visual
marker selection. The fourth transformation included the use
of 100 mg L™" of kanamycin for chemical selection. After 2
wk of resting on SCG containing Timentin"™ and cefotaxime
but without kanamycin, the explants were moved to ED4 con-
taining both antibiotics and kanamycin. This kanamycin con-
centration was maintained for 1 mo then increased to 150 mg
L™ while the explants were on ED3.

The Agrobacterium-infected tissue underwent indirect so-
matic embryogenesis and was observed using a fluorescent
microscope multiple times between 1 and 4 mo during the
formation of embryos. After the identification of a transgenic
event through the use of the fluorescent microscope, the trans-
genic, tertiary somatic embryos (TSEs) were removed from
the remainder of the non-transgenic tissue and isolated on
ED3. To generate multiple quaternary somatic embryos
(QSEs) from a single transgenic TSE, an additional somatic
embryogenesis step was used. This additional somatic em-
bryogenesis step follows the same method for generating sec-
ondary somatic embryos; cotyledons are dissected and placed
onto SCG for 2 wk then ED4 for 2wk then maintained on
ED3. QSE conversion and plantlet regeneration were conduct-
ed as described above.

PCR analysis A CTAB DNA extraction protocol, described by
Murray and Thompson (1980), was used to extract genomic
DNA from leaf materials of non-transgenic INIAPG-038 and
transgenic INIAPG-038 plants. To test the presence of nprIl in
transgenic plants, the primer set, NPTII 3F (5'-CAAG
ATGGATTGCACGCAGGTT-3") and NPTII 4R (5'-TAGA
AGGCGATGCGCTGCGAAT-3’), was used while the pres-
ence of eyfp was determined using the primer set, EYFP 3F
(5'-TAAACGGCCACAAGTTCAGCG-3’) and EYFP 4R
(5'-AGGACCATGTGATCGCGCTTC-3'). To test for the
possible presence of Agrobacterium contamination in the ex-
tracted DNA samples or a read-through event, two genes on
the Agrobacterium backbone were also tested for. The pres-
ence of pVS1 was tested for using the primer set PVSI1 1F (5'-
ATGAAGGTTATCGCTGTACT-3") and PVS1 2R (5'-
CTGATTCAAGAACGGTTGTG-3') while the presence of
nptl was tested for using the primer set NPT1 1F (5'-CTCC
TGCTAAGGTATATAAGC-3') and NPT1 2R (5'-AATC
AGGCTTGATCCCCAGT-3'). For each PCR reaction mix-
ture, the following reagents were used: 25 uLL DreamTaq PCR
Master Mix (2x) (Thermo Fisher Scientific, Grand Island,
NY), 1.0 uL forward primer at 10 uM, 1.0 uL reverse primer
at 10 uM and 21 pL H,0, and 2.0 uL genomic DNA at ap-
proximately 100 ng uL ™", for a total volume of 50 uL. The
PCR was carried out with the following thermal cycler pro-
gramming: hold at 95°C for 3 min, 16 cycles of 94°C for 30 s,
58°C for 30 s (—0.5°C/cycle), 68°C for 1 min, 50 cycles of
94°C for 30 s, 54°C for 30 s, and 69°C for 1 min, and then
elongation at 68°C for 7 min, and remained at 4°C for infinite.

For each PCR reaction, 20 pL. was loaded onto a 0.8% agarose
gel for electrophoresis.

Fluorescent visualization Fluorescent images of embryos and
plantlets of transgenic INIAPG-038 events were visualized
with a fluorescent Leica M165 FC stereomicroscope,
equipped with Leica DFC7000 T (JH Technologies,
Fremont, CA), using two microscopic filters, bright field and
ET YFP with 514 nm excitation and 527 nm emission. The
microscope is linked to a camera imaging software, Leica
Application Suite version 4.9, which was used to capture the
fluorescent images. Screening of fluorescent activity was mea-
sured at 30x magnification.

Transplantation to soil and acclimatization After embryo con-
version while the plantlets are 10 to 13 ¢cm in height and have
6 to 10 leaves, they were transferred to soil. The plantlets were
transferred into a well-draining soil, mixing equal parts Sun
Gro™ potting mix (Sun Gro Horticulture Distribution Inc.,
Agawam, MA) and perlite was found to work well. When
transplanting, the agar was removed by hand and by dipping
the roots into water. The plantlets were then planted into
square 4-inch pots with pre-moistened soil mix and immedi-
ately placed in a 1020 water tray (Greenhouse Megastore,
West Sacramento, CA) then covered with a 7-inch vented
humidity dome (Greenhouse Megastore) with all vents closed.
On top of the humidity dome, shades were placed to reduce
the light intensity to 60 umol m 2 s~ '. The tray, humidity
dome, shades, and plants were kept inside a Conviron plant
growth chamber with the parameters described later. Over the
course of 1 wk, the vents on the humidity dome were opened
and the shades were removed. After this acclimatization pro-
cess, the plants were able to survive in the growth chamber
with an ambient environment of 27°C, 60 to 70% RH, and 120
to 180 wmol m 2 s~ light intensity.

Grafting of transgenic scions onto in vitro germinated root-
stock Wedge-shaped grafting was done as previously de-
scribed by Bezdicek et al. (1972) with modifications.
Theobroma cacao pods of an unspecified Amelonado group
(GRIN accession # PI 668412) were surface-sterilized using
10% (v/v) bleach solution (final concentration of 0.525% so-
dium hypochlorite) for 15 min, then the pod was cut open and
the seeds removed. The thick pulp was then removed from the
seeds. The seeds were further surface-sterilized using 10%
(v/v) bleach solution (final concentration of 0.525% sodium
hypochlorite) for 15 min. The sterilized seeds were then
soaked in sterile water for 72 h. Afterwards, these pre-
germinated seeds were planted into autoclave-sterilized peat
pellets (Jiffy Products of America Inc. Lorain, OH) soaked in
a liquid EDL medium. The seedlings were kept in
Phytatray ™ II and cultured similar to tissue culture-derived
plantlets.
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When both a transgenic scion with poor roots and a non-
transgenic in vitro root stock with strong, healthy roots were
available, grafting was performed using a “V” shape cut sim-
ilar to a saddle or cleft graft on the seedling and two diagonal
cuts exposing the cambium layer of the transgenic scion. The
scion and rootstock were then combined and secured using
both a paper clip and a 1-cm segment of a polypropylene straw
cut down the side to resemble a “C.” All the cuts were per-
formed and secured using sterilized tools and materials. The
grafts were then sealed in Phytatray "™ IT with micropore tape
and liquid EDL medium was periodically added to maintain
proper moisture. After the scion and rootstock fused, they
were transplanted to the soil using the previously outlined
method.

Results and Discussion

To establish a successful, highly efficient transformation pro-
tocol, a tissue culture system spanning the initiation of floral
material to the regeneration of plantlets into soil has been
tested and improved in Theobroma cacao. Multiple cultivars
were screened for their response to (1) primary embryo induc-
tion from floral material, (2) secondary embryo production
from cotyledon tissue derived from primary somatic embryos,
(3) embryo conversion to plantlets, and (4) T-DNA delivery
efficiency via Agrobacterium. These four factors were used to
determine how amenable various cultivars would be for ge-
netic transformation.

Tissue culture response and INIAPG-038 improvements Petals
and staminodes were used to initially test somatic embryogen-
esis in nine Theobroma cacao cultivars. Staminode explants
generally formed embryos at a higher frequency than petal
explants in all cultivars except SCA-6 where they were equal
(Fig. 2). This is consistent with previous observations made
by Tan and Furtek (2003) and Traore and Guiltinan (2006).
However, Garcia et al. (2016) observed that SCA-6 petals
produced on average more embryos per explant than
staminodes. The cultivar with the highest percentage of floral
explants forming embryos was SCA-6 with 44% of petals and
44% of staminodes forming embryos (Fig. 2). The next best
performing cultivars were CCN-51 with 6% of petals and 29%
of staminodes, and INIAPT-374 with 4% of petals and 21% of
staminodes and INIAPG-038 with 7% of petals and 15% of
staminodes producing embryos at their respective rates. The
remainder of the cultivars had less than 10% of floral explants
producing embryos with INIAPG-152 and INIAPM-053
performing slightly better than the more recalcitrant
INIAPT-484, INIAPG-029, and Matina 1-6.

The four cultivars, SCA-6, CCN-51, INIAPT-374, and
INIAPG-038, showing the best primary somatic embryo for-
mation (Fig. 2) were further tested for their secondary somatic

embryo production (Fig. 3a). It was observed that INIAPG-
038 had the highest percentage of explants producing greater
than 10 embryos at 6.2%. It also had the greatest number of
explants producing between 5 and 9 embryos at 12.6%. SCA-
6 and CCN-51 had similar secondary embryo production to
INIAPG-038 while INIAPT-374 was lowest in secondary em-
bryo production with 1.0% and 2.8% of explants forming
greater than 10 embryos and percent of explants forming be-
tween 5 and 9 embryos, respectively. In total, three cultivars
were tested for the rate at which embryos would regenerate
into plantlets (Fig. 3b). INIAPT-374 had embryo regeneration
rates 0f 33%. CCN-51 and INIAPG-038 embryos regenerated
to plantlets at a rate of 28% and 22%, respectively. However,
there was no significant difference among these 3 cultivars.

With regard to experiments conducted to improve second-
ary somatic embryogenesis in INIAPG-038, it was observed
that using a 2-fold concentration of WPM basal salts or WPM
adjusted to 5.0 uM of CuSO, in SCG performed better than
the standard SCG medium containing 1-fold WPM basal salts
(Fig. 4). The standard SCG had 2.5% of explants forming
greater than 10 embryos and 12.0% forming between 5 and
9 embryos, whereas 2-fold WPM basal medium resulted in
12.3% and 16.5%, respectively. The 2-fold WPM basal me-
dium was significantly higher in percentage of explants
forming greater than 10 embryos produced, compared to the
standard SCG medium. The standard SCG medium, WPM-
based medium, contains 1.0 uM CuSO4, 10-fold higher than
MS medium (Murashige and Skoog 1962). A five-fold copper
level (5.0 uM) in SCG medium resulted in 10.9% of explants
producing greater than 10 embryos and 23.4% of explants
forming 5 to 9 embryos in INIAPG-038 (Fig. 4); it was sig-
nificantly higher in percentage of explants forming greater
than 10 embryos produced and significantly lower in percent-
age of explants forming no embryos produced, compared to
the standard SCG medium. This is consistent with the previ-
ous conclusion that the callus quality, callus growth, and
regenerability can be improved by increasing level of the mi-
cronutrient copper in barley and oat (Dahleen 1995; Cho et al.
1998, 1999).

T-DNA delivery efficiency improvements and optimizations
Experiments for the T-DNA delivery efficiency test were con-
ducted using pDDNPTYFP-1 containing nptll::eyfp in the 4
cultivars with good tissue culture response: INIAPG-038,
CCN-51, SCA-6, and INIAPT-374 (Fig. 5). Out of them,
INIAPG-038 and CCN-51 had the T-DNA delivery efficiency
with 16% and 14% of explants having > 20% FPE coverage,
respectively. The other 2 cultivars, SCA-6 with 9% and
INAPT-374 with 6% of explants, ranked as > 20% FPE
coverage.

Of the four Agrobacterium strains tested, AGL1 and
EHA105 produced the highest transient FPE coverage in
INIAPG-038. Both LBA4404 and GV3101 performed poorly
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Figure 2 Somatic embryo
formation from flower materials
for 9 different Theobroma cacao
L. cultivars. Petal and staminode
explants were used to induce
primary somatic embryos. Each
histogram represents the mean
level (+ standard error).

%Explants Forming Embryos

in T-DNA delivery efficiency (Fig. 6). The Agrobacterium
strain AGL1 produced an average of 13% of explants ranked
at > 20% FPE, while EHA105 produced an average of 12%.
GV3101 produced an average of 4% of explants ranked at >
20% FPE, while LBA4404 produced an average of 3%. The
Agrobacterium strain AGL1 producing a higher transforma-
tion frequency was previously observed in stable transforma-
tion of an elite maize inbred (Cho et al. 2014). However, other
plant species or explants favored different Agrobacterium
strains such as LBA4404 used in tobacco transformation
(Bakhsh et al. 2014) and GV3101 used in tomato transforma-
tion (Chetty et al. 2013).

With regard to the INIAPG-038 explant type used for
Theobroma cacao transformation, we observed that cotyledon
tissue derived from primary or secondary somatic embryos
had the highest transient FPE, while hypocotyl and radicle
explants demonstrated very little transient FPE and embryo
production after Agrobacterium infection (data not shown).
Previously cotyledon tissues derived from mature embryos
of PSU SCA-6 were used for transformation target

a 90 b
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% Explants in Each Rank

I |l

[
INIAPG-038 SCA-6 CCN-51 INIAPT-374
ONo embryos @1 to 4 Embryos @5 to 9 Embryos ®>10 Embryos

Figure 3 Secondary somatic embryogenesis and embryo conversion to
plantlets for selected Theobroma cacao L. cultivars. (a) Cotyledon
explants were observed in four ranks based on the number of embryos
they produced: No embryos produced, 1 to 4 embryos produced, 5 to 9
embryos produced, and greater than 10 embryos produced. (b) Mature

% Embryos Germinating into Plantlets

S
N
N

P G

Petal Explants m Staminode Explants

(Maximova et al. 2003, 2006; Florez et al. 2015; Shires
et al. 2017). Our study showed that the embryo size of
INIAPG-038 also affected transient FPE after transformation
(Fig. 7). Cotyledon tissues derived from immature somatic
embryos ranging in size between 4 to 10 mm outperformed
those derived from mature embryos ranging in size between
10 to 20 mm. It was observed that embryos ranging in the 4 to
10 mm range produced explants with > 20% FPE coverage at
a rate of 19%, whereas 10 to 20 mm embryos only produced
explants with > 20% FPE coverage at a rate 6%.

Stable transformation of INIAPG-038 INIAPG-038 was select-
ed for further improvements to tissue culture response, T-
DNA delivery efficiency, and eventually for stable transfor-
mation because it performed the best in both secondary so-
matic embryogenesis and T-DNA delivery. Although out of
the 4 best cultivars from primary somatic embryogenesis
screening, it performed less efficiently in primary somatic
embryogenesis (Fig. 2); this step is not as crucial for transfor-
mation and is not seen as a potential bottleneck. In addition,

0

INIAPT-374 CCN-51 INIAPG-038

embryos were exposed to increasing levels of light while on embryo
development medium containing 6% sucrose then embryo development
light medium and counted as converted if they produced a 1-cm shoot
with meristem and a root of 1 cm. Each histogram represents the mean
level (+ standard error).
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Figure 4 Effect of doubled woody plant medium (WPM) basal salt con-
centration and WPM adjusted to 5.0 uM of CuSOy, in secondary callus
generation (SCG) medium on secondary somatic embryogenesis in
Theobroma cacao L. cv. INIAPG-038. Cotyledon explants were

INIAPG-038 is a highly productive cultivar with tolerance to
frosty pod disease and witches broom disease. Previous trans-
formations were conducted on PSU SCA-6 (Maximova ef al.
2003, 2006; Florez et al. 2015; Shires et al. 2017) because it is
an amenable cultivar with high somatic embryogenesis and
genetic transformation potential (Maximova et al. 2006).
This Forastero cultivar also demonstrates high production of
primary somatic embryos when compared to Trinitario culti-
vars (Traore and Guiltinan 2006). Our decision to focus on
INIAPG-038 was heavily weighed on the importance of the
cultivar as well as the somatic embryogenic potential (Figs. 2
and 3a) and the T-DNA delivery efficiency (Fig. 5).

Stable transformation experiments in INIAPG-038 were
conducted by infecting cotyledon tissues derived from the
secondary somatic embryos with AGL1 containing
pDDNPTYFP-1 or pDDNPTYFP-2 (Fig. 1). Six to ten coty-
ledon explants could be dissected from each embryo used in
this process. Transient YFP expression was clearly observed 5
to 7 d after Agrobacterium infection (Fig. 8a). Five separate
successful stable transformation experiments in INIAPG-038
were conducted by YFP visual marker selection. Kanamycin

Ficure 5 Transient yellow 100
fluorescent protein (YFP) expres- 90
sion for selected Theobroma

i)
cacao L. cultivars. Cotyledon ex- g 2
plants were observed in three i 70
ranks based on fluorescent protein 2 60
expression (FPE) coverage: 0 to ['2 50
5% FPE coverage, 6 to 20% FPE ‘@
coverage, > 20% FPE coverage. g 40
Each histogram represents the g 30
o
mean level (+ standard error). e
xX 20
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CuSO4
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1x WPM Basal Salt SCG
(Standard)

E5to9 Embryos ®>10 Embryos

observed in four ranks based on the number of embryos they produced:
No embryos produced, 1 to 4 embryos produced, 5 to 9 embryos pro-
duced, and greater than 10 embryos produced. Each Aistogram represents
the mean level (+ standard error).

selection was not tight enough and non-transgenic embryo
tissue still formed on the cotyledon explants even with a high
level of kanamycin. In the method described by Maximova
et al. (2003) 50 mg L' of Geneticin™ (G418) for nprl was
used which greatly reduced the formation of non-transgenic
tissues. Eight independent transformation events in the form
of YFP-expressing globular embryos of INIAPG-038 were
generated from the first 4 sets of experiments using cotyledon
tissues derived from 82 somatic embryos; transformation fre-
quency at the T, tissue-level was 9.8% (8 out of 82) (Table 1,
Fig. 8b). Eleven more independent transformation events were
generated using 82 additional somatic embryos in the 5th set
of experiments; transformation frequency at the T, tissue-
level was 13.4% (11 out of 82) (Table 1).

The transformation process described in this paper yields
only a single transgenic TSE (Fig 8b) for every transformation
event and the average rate of embryo conversion for INIAPG-
038 is only 22.4% (Fig. 3b), so if one tried to regenerate
transgenic TSEs directly, most transformation events would
not be recovered as plants. To increase the probability of
regenerating transformation events into plants, an additional
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Ficure 6 Effect of Agrobacterium 90
strain on transient yellow 30
fluorescent protein (YFP) expres-
sion in Theobroma cacao L. cv.
INIAPG-038. Cotyledon explants
were observed in three ranks
based on fluorescent protein ex-
pression (FPE) coverage: 0 to 5%
FPE coverage, 6 to 20% FPE
coverage, > 20% FPE coverage.
Each histogram represents the
mean level (+ standard error).
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embryogenesis cycle was conducted to generate multiple
transgenic QSEs from every transformation event prior to
the embryo conversion step. Similarly, Maximova et al.
(2003) also used an additional embryogenesis step after the
production of transformation events to proliferate the number
of somatic embryos from each transformation event. Of the 8
transformation events generated from the first 4 sets of trans-
formation experiments, 3 transgenic TSEs developed into ma-
ture embryos (Fig. 8c¢) which were proliferated into multiple
QSEs (Fig. 8d) and were capable of regeneration into plantlets
(Fig. 8e), resulting in a T, plant-level transformation frequen-
cy of 3.7% (3 out of 82) (Table 1). T, transformation frequen-
cy was calculated as (# of regenerable events/# of embryos
dissected) x 100%. With quaternary somatic embryogenesis,
all three of the transgenic events, #1, #2, and #3, proliferated
into 68, 16, and 95 total embryos, respectively (Table 1). One
(event #3) of the three transgenic embryos was chimeric and
non-transgenic QSEs were discarded based on YFP expres-
sion. Of the QSEs generated for each event 15, 4, and 20 of
those embryos converted into plantlets, respectively (Table 1),
giving an average of 21.8% rate of transgenic embryo conver-
sion to plantlets. Of the embryos converted to plants for each
event 11, 3, and 3 plants of each event were successfully
acclimatized in soil, respectively (Table 1 and Fig. 8f).

Ficure 7 Effect of somatic embryo 80
size on transient yellow 70
fluorescent protein (YFP) expres-

sion in Theobroma cacao L. cv. E 60
INIAPG-038. Cotyledon tissue < 50
derived from somatic embryos S

was used for experiments. £ 40
Cotyledon explants were ob- é 10
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age, > 20% FPE coverage. Each 0

histogram represents the mean
level (+ standard error).
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Some regenerated transgenic INIAPG-038 plantlets had
slow or poor development of roots and these could not survive
in soil; therefore, grafting was attempted to resolve this issue.
Plantlets with poorly developed root systems routinely die
during transplanting to soil; there is also a risk of damaging
well-established root systems during agar removal. However,
grafting transgenic scions in vitro avoids these two issues
since a robust well-rooted non-transgenic seedling is used
and the entire intact root system within a sterilized Jiffy peat
cube can be placed into the soil without disturbing the roots
(Fig. 8g). In total, six transgenic scions with poor roots were
grafted onto rootstock; four of these grafts survived. Out of
them, 1 plant of event #3 was transferred to soil to grow in the
greenhouse (Table 1). In addition, grafting could facilitate the
use of transgenic shoots that might otherwise not form roots.
The use of grafting to overcome poor in vitro rooting and
improve transformant recovery was also used previously in
safflower and cotton (Jin et al. 2006; Belide et al. 2011).

The presence of transgenes, eyfp and npfll, was confirmed
by PCR analysis. The amplified product of 595 bp corre-
sponding to the internal fragment of eyfp gene was observed
from genomic DNA of all 9 tested transgenic plants derived
from three independent events using eyfp gene-specific
primers, EYFP 3F and EYFP 4R (Fig. 9a). An amplified

10 to 20 mm Embryo
m>20% FPE
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Table 1 Stable transformation frequencies of Theobroma cacao cv. INIAPG-038

Transformation Vector used Number  Number of T, tissue-level Number of T, plant-level Number of Number of Number
experiments of YFP- transformation regenerable transformation quaternary plantlets of
embryos  expressing frequencyb events frequency® somatic regenerated plantlets
dissected” events embryos in soil
produced
Set 1 pDDNPTYFP-1 32 2 6.3% 1 3.1% 68 15 11
Set 2 pDDNPTYFP-2 10 1 10.0% 0 0.0% 0 0 0
Set 3 pDDNPTYFP-2 24 3 12.5% 1 4.2% 16 4 3
Set 4 pDDNPTYFP-2 16 2 12.5% 1 6.3% 95 20 3 ()¢
Subtotal 82 8 9.8% 3 3.7% 179 39 17
Set 5 pDDNPTYFP-2 82 11 13.4% n.d. n.d. n.d. n.d. n.d.
Total 164 19 11.6%

# After dissection, a somatic embryo would produce 6 to 10 cotyledon explants

° T, tissue-level transformation frequency = (number of YFP-expressing events/number of embryos dissected) x 100%

T, plant-level transformation frequency = (number of regenerable events/ number of embryos dissected) x 100%

9 One out of 3 is a grafted plant and moved to soil to grow in the greenhouse

n.d., not determined

fragment of 761 bp was also observed from all tested trans-
genic plants derived from three independent events using nptll
gene-specific primers, NPTII 3F and NPTII 4R (Fig. 95). No
PCR-amplified eyfp and nprll fragments were detected in the
non-transgenic control plant (Fig. 9a, b) as expected.
Additional PCR controls were performed using primers for
the bacterial pVS1 origin of replication and npt/ gene located
outside the T-DNA borders to check the possibility of

Agrobacterium contamination giving false-positive results.
The absence of transgenes, pvs! and nptl, was confirmed by
PCR analysis in both the first and second events; however, the
third event produced amplified products corresponding to two
Agrobacterium vector backbone sequences (Fig. 9c, d).
Comparisons of the two Agrobacterium strains used for trans-
formation as well as intact leaf samples from the third event
were compared to determine if Agrobacterium contamination

Figure 8 Transient yellow fluorescent protein (YFP) expression and sta-
ble transgenic event development in Theobroma cacao L. cv. INIAPG-
038. (a) Cotyledon expressing transient YFP. (b) YFP-expressing glob-
ular embryo. (¢) YFP-expressing mature embryo. (d) YFP-expressing
quaternary somatic embryos. (e) YFP-expressing plantlet. (/) A non-

@ Springer

transgenic (left-most) and 3 transgenic INIAPG-038 plants in the green-
house. (g) A grafted transgenic INIAPG-038 plantlet in a Jifty peat pellet;
a transgenic INIAPG-038 scion with poor roots was grafted onto a non-
transgenic rootstock.
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MC1 23456178 9FP

595 bp

MC1 234561738 9FP

761 bp

Figure 9 PCR analysis of genomic DNA from three different transgenic
Theobroma cacao L. cv. INIAPG-038 events. Genomic DNA was ex-
tracted from leaf tissues of one non-transgenic control and three plants of
each independent transgenic event. M, GeneRuler 1-kb DNA ladder; C,
non-transgenic INIAPG-038 control; Lanes 1-3, transgenic INTAPG-038
event #1-1, #1-2, and #1-3; Lanes 4-6, transgenic INJAPG-038 event #2-
1, #2-2, and #2-3; Lanes 7-9, transgenic INIAPG-038 event #3-1, #3-2,
and #3-3; P, pPDDNPTYFP-2 as a positive control. (@) Amplified 595-bp

was the cause for all four genes being detected. The
Agrobacterium strains containing the eyfp gene cassette
showed no YFP expression and the YFP expression of the leaf
samples of the third event was uniform and consistent with
that of the other two events (Fig. S1). Stronger YFP expression
driven by the CaMV35S promoter was observed in the leaf
tissues compared to that driven by Nos promoter/TMV € en-
hancer. The presence of the Agrobacterium vector backbone
sequences would then indicate that the third event was a read-
through event and those genes are additionally present with the
other transgenes. Read-through is integration into the plant
genome of complete vector backbone sequences which could
be the result of a conjugative transfer initiated at the right
border and subsequent continued copying at the left and right
borders (De Buck et al. 2000). The ratio of the read-through
plants in transgenic events ranges typically between 20 and
50% and is sometimes as high as 75% or more (De Buck et al.
2000; Wu et al. 2006; Komori et al. 2007; Cho et al. 2014)
In conclusion, we have established a successful
Agrobacterium-mediated transformation system for the pro-
duction of transgenic Theobroma cacao plants using
INIAPG-038, a high-yielding, disease-resistant cultivar.
Previously, only PSU SCA-6 has been reported for stable
transformation. The results in this study can be applied to

fragment products using enhanced yellow fluorescent protein (eyfp) gene-
specific primers, EYFP 3F and EYFP 4R. (b) Amplified 761-bp fragment
products using neomycin phosphotransferase 11 (nptll) gene-specific
primers, NPTII 3F and NPTII 4R. (¢) Amplified 562-bp fragment prod-
ucts using pVS1 replicon-specific primers, PVS1 1F and PVSI1 2R. (d)
Amplified 672-bp fragment products using neomycin phosphotransferase
I (npt1) gene-specific primers, NPT1 1F and NPT1 2R.

improve tissue culture response and transformation frequency
in other Theobroma cacao cultivars.
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