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(I) SUMMARY

Sorghum bicolor (sorghum) is a vital C4 monocotyledon crop cultivated in arid regions

worldwide, valued for its significance in both human and animal nutrition. Despite its

agricultural prominence, sorghum research has been hindered by low transformation

frequency. In this study we examined sorghum transformation using the pVS1-VIR2 ternary

vector system for Agrobacterium, combined with the morphogenic genes BABY BOOM and

WUSCHEL2 and selection using G418. We optimized Agrobacterium-mediated infection,

targeting key parameters such as bacterial optical density, co-cultivation time, and

temperature. Additionally, an excision-based transformation system enabled us to generate

transgenic plants free of morphogenic regulators. The method yielded remarkable

transformation frequencies, reaching up to 164.8% based on total isolated plantlets. The same

combination of ternary vector, morphogenic genes and geneticin-based selection also resulted

in a marked increase in transformation efficiency of the Zea mays (maize) inbred line B104. The

potential for genomic editing using this approach positions it as a valuable tool for the

development of sorghum and maize varieties that comply with evolving European regulations.
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Our work marks a significant stride in sorghum biotechnology and holds promise for addressing

global food security challenges in a changing climate.

(II) SIGNIFICANCE STATEMENT

This study achieved unprecedented transformation frequencies in Sorghum bicolor using the

pVS1-VIR2 ternary vector system combined with BABY BOOM and WUSCHEL2 morphogenic

genes. These advancements promise to enhance sorghum and maize breeding, addressing

global food security in a changing climate.
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(III) INTRODUCTION

Sorghum bicolor (sorghum) is a C4 monocotyledon crop widely grown in Africa and South Asia

in arid and semi-arid regions for its use as a staple food and fodder. In addition, it is grown in

countries such as the United States, Mexico, Brazil and Australia, mainly as animal feed.

Together this makes sorghum the 5th most important cereal crop in terms of production (Mullet

et al.,2002; FAOSTAT, 2022).

Several studies rely on natural variation to find alleles to improve desirable traits for sorghum

breeding, including better quality grains or ability to tolerate drought stress (Ortiz et al., 2021;

Xie et al., 2022). Despite relatively well-understood and conserved molecular pathways, there

has been limited progress in using genetic engineering to accelerate the development of

sorghum varieties that are better suited to the current climate crisis. Sorghum is still

considered a crop recalcitrant to genetic transformation given its low regeneration and
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accumulation of phenolics during tissue culture (Visarada and Kishore, 2015; Miller et al.,

2023).

Genetic transformation of sorghum is traditionally done with microprojectile bombardment

using immature embryos as explants. Initially, only 2 out of 600 embryos yielded transgenics,

resulting in an unworkable 0.3% transformation efficiency (Casas et al., 1993). Since then,

significant progress has been made in sorghum particle bombardment-mediated

transformation, with reports up to 20.7% (Liu and Godwin, 2012).

Agrobacterium tumefaciens (Agrobacterium)-mediated transformation is however a preferred

technology as particle bombardment can lead to structural genome rearrangements (Yue et al.,

2022). In 2000, the use of Agrobacterium to genetically transform sorghum immature embryos

was first reported, obtaining very variable transformation efficiencies from 0.17 to 10.1 %

(Zhao et al., 2000). The implementation of the use of morphogenic regulators was a

breakthrough in immature embryo-based transformation in monocots.

Agrobacterium-mediated transformation of maize BABY BOOM (Bbm) and WUSCHEL2 (Wus2)

in maize inbred lines led to high transformation frequencies and genotype-flexibility of

regeneration (Lowe et al. 2016). The morphogenic genes were used together with a novel

ternary vector system. The latter allowed equipping Agrobacterium with extra virulence genes,

improving the transfer DNA (T-DNA) delivery (Anand et al., 2018; Zhang et al., 2019; Aliu et al.,

2024). The combination of these two new techniques has led to an immature embryo-based

and genotype-flexible sorghum transformation system, having the highest transformation

frequency reported up to now of 69.7 % (Che et al. 2022).

Nonetheless, expressing Bbm and Wus2 has a limitation. These morphogenic regulators have

the desirable effect of boosting somatic embryo formation but also have undesirable

pleiotropic effects when constitutively expressed in T0 plants. To avoid this limitation, several

strategies were developed such as a Cre/Lox-mediated excision system and a method

designated as “altruistic transformation”. The excision system is based on three expression

cassettes containing Bbm, Wus2 and a CRE recombinase, flanked by LoxP recombination target

sites. CRE is driven by an inducible promoter, therefore resulting in an inducible system to

excise the morphogenic expression cassettes (Gordon-Kamm et al., 2019). The “altruistic

transformation” is based on a co-transformation system in which two Agrobacterium strains

are used for transformation. The first strain will carry the “altruistic T-DNA” with morphogenic

regulator expression cassette but lacking a selectable marker. The second will contain the gene

of interest and the presence of a selectable marker. The rationale is that morphogenic
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regulator proteins can move to neighboring cells, enhancing the somatic embryogenesis and

non-morphogenic regulator containing cells will have the ability to be efficiently transformed

through somatic embryo formation (Hoerster et al., 2020; Aregawi et al., 2022; Kang et al.,

2023). In both systems regenerated plants carrying the gene of interest are generated yet

lacking the integration of morphogenic regulators.

In this study, we evaluated morphogene-assisted transformation for sorghum using the publicly

available pVS1-VIR2 ternary vector system combined with a newly designed and compatible

binary destination vector. We improved conditions for Agrobacterium co-cultivation and the

pressure of the selectable agent in order to obtain significantly higher sorghum transformation

efficiencies than those previously reported.

(IV) RESULTS

Optimizing Agrobacterium co-cultivation conditions.

In this study, we conducted an optimization of Agrobacterium infection by using the

Agrobacterium strain EHA105 recA- containing the ternary helper vector pVS1-VIR2 (Rodrigues,

et al., 2021; Zhang et al., 2019) . We evaluated adjustments of several factors: the optical

density (OD) of the Agrobacterium culture, co-cultivation time, and temperature for

co-cultivation. These adjustments were made to avoid Agrobacterium overgrowth, minimize

the duration of infection and enhance the efficiency of transformation. Additionally, we

evaluated a more acidic pH of the media, as it has been associated with virulence gene

induction and facilitation of T-DNA transfer (Yuan et al., 2008; Wang et al 2018).

To evaluate these parameters, we employed embryos derived from three distinct panicles. The

infection procedure was applied uniformly to all embryos using a construct carrying

ZmUbipro::GUS-intron without the presence of morphogenic regulators. We tested different

parameters during the experimentation: the OD of the Agrobacterium solution (0.3 and 0.7),

co-cultivation incubation time (3 and 4 days), and incubation temperature (21 and 24 °C).

Following the co-cultivation period of 3 or 4 days, embryos were transferred to resting media.

Subsequently, 7 days after infection, GUS staining was carried out to assess the DNA delivery

(Figure 1a-h). This time frame allowed for detection and visualization of the GUS gene

expression, serving as an indicator of DNA transfer.
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Despite the reported enhancement of Agrobacterium virulence under acidic pH conditions, our

observations revealed that embryos subjected to pH 5.2 during co-cultivation exhibited

reduced callus development and no detectable GUS expression (Figure 1a, c, e and g).

Following the quantification of GUS expression levels (Figure 1i-j), a discernible trend emerged:

greater expression was observed at OD 0.3 compared to OD 0.7, and at 3 days compared to 4

days. Nonetheless, an elevation in temperature (21 vs 24 °C) did lead to a noticeable enhanced

GUS expression level. However, it is worth noting that at 24 °C, favorable infection levels were

achieved without encountering the anticipated problem of Agrobacterium overgrowth in the

co-cultivation or resting period, which might occur if these cultures were maintained at 28 °C.

Hence, our optimized parameters for transformation rely on a pH value of 5.8 for

co-cultivation, an Agrobacterium OD of 0.3 and 3 days of co-cultivation period at 24 °C (Figure

1f).

Morphogene-assisted transformation for efficient sorghum

transformation.

The methodology consists of two fundamental components. The first component encompasses

the excisable morphogenic gene cassette, with flanking loxP recombination sites, and three

expression cassettes: Axig1pro::ZmWus2 and Pltppro::ZmBbm for morphogenic regulator

expression, and Glb1pro::MoCRE for recombinase expression, which facilitates cassette excision

upon abscisic acid (ABA) induction. Notably, we employ non-constitutive promoters, maize

phospholipid transferase protein promoter (Pltppro) driving Bbm, and auxin-inducible promoter

(Axig1pro) driving Wus2. The second component remains non-excised and houses the gene of

interest (GOI), complete with its respective promoter and terminator, alongside the nptII

selection marker (Figure 2a). It is noteworthy that the pVS1-VIR2 ternary vector, in conjunction

with the GRF4-GIF1 morphogenic regulator, has recently been documented to boost sorghum

transformation efficiencies (Li et al., 2024). In line with this finding, we here utilized the

pVS1-VIR2 ternary vector along with a compatible binary destination vector, pG3K-WO-AG

harboring the morphogenic regulators ZmBbm and ZmWus2 together with a

GreenGate-compatible cloning site.

The transformation process follows the workflow illustrated in Figure 3. Initial steps involve a

co-cultivation period, previously optimized to enhance Agrobacterium T-DNA integration,

followed by a resting period. During both phases, the presence of 2,4-D induces the expression
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of Wus2, initiating together with Bbm proembryo formation as early as 7 DAI (Figure 2c).

Proembryos are characterized by the appearance of proliferative bulges at the scutellum

epithelium (Wehbi et al., 2022). Notably, somatic embryo formation occurs as early as 14 DAI,

with somatic embryos observed in the globular and scutellar stages (Figure 2d). Additionally,

friable callus type II forms within the embryogenic tissue, where GUS expression is

concentrated. During this stage, transgenic cell proliferation and the presence of somatic

embryos in the coleoptilar stage are evident (Figure 2e).

Following somatic embryo induction, calli are sub-cultured on culture media containing G418

selection (100 mg/L). In this media, the presence of ABA induces MoCRE expression, further

facilitating cassette excision. This step aims to maximize transgenic somatic embryos and excise

morphogenic regulators, thereby facilitating transgenic embryo maturation and germination

while minimizing non-transgenic embryo formation. The induction of excision at early somatic

embryo stages allows for a substantial proportion of morphogenic regulator-free transgenic

plantlets, achieving an excision efficiency of 67.7% based on one biological replicate (Table 1).

After 14 days of sub-culture, the calli become highly friable, and a substantial number of

somatic embryos have already germinated, exhibiting embryonic shoots and roots (Figure 2f).

At this juncture, we increase the selection pressure (250 mg/L G418) to ensure transgenic

shoot formation and minimize escape frequency, achieving an average escape frequency of 1%

based on two biological replicates (Table 1).

Finally, germinated somatic embryos are transferred to rooting media, where they spend two

weeks under light conditions, inducing root formation and chlorophyll accumulation (Figure 2g,

h). The total duration of the protocol is reduced to 66 days (Figure 3), compared to the 12-16

weeks required by conventional Agrobacterium or particle bombardment-based methods that

do not incorporate morphogenic regulators (Liu and Godwin, 2012; Zhao et al., 2000).

The optimization of infection conditions and the introduction of this novel sorghum

transformation method, combining Bbm and Wus2 morphogenic regulators together with the

ternary vector pVS1-VIR2, have enabled us to achieve a highly efficient transformation

protocol. We achieved transformation efficiencies of 28.3% (based on embryos producing at

least one regenerated shoot) and 164.8% (based on the total number of isolated plantlets)

(Table 1). Moreover, the adaptability of this vector system to include the Cas9 protein and

guide RNAs within the GOI cassette opens up possibilities for producing marker/transgene-free

genome edited plants, addressing emerging concerns regarding genetically modified organisms

in accordance with European regulations.
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Molecular and phenotypical characterization of regenerant plants.

To characterize the T0 plants, we employed digital PCR (dPCR) to assess T-DNA copy number,

detect the presence of binary vector backbone, and monitor Cre/lox-mediated excision. Among

the 45 independent T0 plants analyzed by dPCR, one plant was an escape, and five plants

exhibited a T-DNA copy number of three or higher. Notably, 22 plants had a single T-DNA

insertion without vector backbone, classifying them as high-quality events. Additionally, 15 of

these 22 plants showed no presence of MoCRE, indicating complete excision of the

morphogenic genes (Figure 6, Table S5).

Further phenotypic characterization was performed to investigate the role of morphogenic

regulators driven by non-constitutive promoters in sorghum regenerant plants. As described by

Lowe et al. (2018), using non-constitutive promoters (Pltppro and Axig1pro) in maize restricted

the expression of morphogenic regulators, enabling the generation of fertile plants without

excision of the morphogenic regulator cassette. However, when we continued with phenotypic

analysis of a sorghum regenerant plant carrying a single copy of the morphogenic regulator

cassette, we still observed a pleiotropic phenotype, including an inability to produce flower

organs (Figure 4b).

We cannot definitively attribute these effects solely to the morphogenic regulators due to

concurrent overexpression of the studied GOI. However, overexpression of the GOI alone,

without morphogenic regulators, resulted in the normal formation of flower organs.

Nevertheless, panicle size was reduced in seven out of nine phenotypically characterized

transgenic plants (Figure 4c, d). Next, we studied the phenotype of a transformation escape

and ruled out any potential involvement of the transformation process in the observed

phenotypes (Figure 4a).

The GOI used for these transformation events encodes a membrane-localized protein fused to

GREEN FLUORESCENT PROTEIN (GFP). Prior to transferring to soil, GFP presence was confirmed

by confocal microscopy to validate proper T-DNA expression. T0 plantlets carrying the T-DNA

exhibited plasma membrane-localized GFP (Figure 4f), while no GFP signal was detected in

non-transformed wild-type (WT) roots (Figure 4e).

In conclusion, excision of morphogenic regulators appears to be a necessary strategy to avoid

unpredictable interactions with the GOI.
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Combining pVS1-VIR2 with ZmBbm and ZmWUS2 in maize
Inspired by this very successful transformation of sorghum, we decided to test the combination

of the pVS1-VIR2 ternary vector and the pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C binary

vector in the maize inbred line B104, and compare it with a comparable binary vector without

morphogenic genes, pG3K-ZmUbipro::GUS-intron:tBdUBI1-C. For transformation, we used the

recently published protocol from Kang et al. in which they used the ternary vector pKL2299 in

combination with geneticin selection to transform B104 to yield a 6.4% transformation

frequency (Kang et al., 2022). Here, we transformed the binary vectors in an LBA4404 strain

containing pVS1-VIR2 and used embryos of four ears. For each ear, approximately 50 embryos

were used. Examination of transient GUS expression revealed all embryos expressing GUS

(Figure 5a-b) with clear somatic embryo formation in the embryos transformed with the

morphogenic genes (Figure 5b). This resulted in a marked increase in the number of

regenerated plants (Figure 5c-d). While with the control construct seven transgenic plants (6

independent) from 210 starting embryos were obtained (3.3% transformation frequency), 110

(47 independent) transgenic plants out of 218 starting embryos were obtained with the

combination of the pVS1-VIR2 ternary vector and pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C

(50.46% total transformation frequency, 21.6% independent transformation frequency). Next,

we kept 33 plants for molecular characterization using dPCR and analyzed the presence of the

nptII selection marker and the gentamycin resistance gene, present on the vector backbone,

and the MoCre transgene, indicative of excision (Figure 6, Table S6). For the control, four out of

six tested plants were high-quality events with a single T-DNA copy and no backbone (Table S6).

For pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C, one out of 27 tested T0 plants was found to be

an escape, and nine plants had only a single T-DNA copy (Table S6). One of these plants had no

evidence of MoCre presence and is considered as having the morphogenic genes excised (Table

S6). We kept twelve several plants with a different morphogenic regulator copy number and

evaluated phenotypes/fertility. All nine plants with one copy of MoCre present were fertile,

while the three plants with five copies we retained had no, one and ample seeds respectively.

In conclusion, the combination of the ternary vector with

pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C also increased transformation frequency in maize

7-fold compared to the ternary alone, generating fertile plants with low T-DNA copy numbers
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(V) DISCUSSION

Sorghum genetic transformation has historically faced challenges due to sorghum's

recalcitrance and low regeneration frequency (Belide et al., 2017). The adoption of

Agrobacterium-mediated transformation has significantly improved regeneration frequencies,

becoming the predominant transformation protocol, as evidenced by studies conducted by

Anand et al. (2018), Che et al. (2018), Hoerster et al. (2020), Che et al. (2022), Johnson et al.

(2023), and Wang et al. (2023). A common practice in monocot transformation studies involves

the utilization of LBA4404 Thy- Agrobacterium strains. This thymidine auxotrophic strain needs

thymidine for its growth and proves advantageous in preventing excessive Agrobacterium

proliferation during co-cultivation stages. The restricted growth of Agrobacterium, attributable

to the absence of thymidine during the resting period, may contribute to the prolonged

co-cultivation periods and elevated Agrobacterium OD use in established sorghum

transformation protocols. In this study, we optimized Agrobacterium infection by employing

the EHA105 strain, which is readily accessible but lacks thymidine auxotrophy, thus lacking the

growth-limiting advantage. Through optimization, we demonstrated that reducing the

co-cultivation temperature to 24 °C—an intermediate temperature between common maize

(21 °C) (Aesaert et al., 2022) and sorghum (28 °C) (Che et al., 2022) co-cultivation

temperatures—and decreasing the co-cultivation duration to 3 days—a timeframe more akin

to maize transformation protocols (Aesaert et al., 2022) compared to the 7 days typically

employed in sorghum transformation procedures (Aregawi et al., 2022)—effectively mitigates

Agrobacterium overgrowth, facilitating proper tissue culture. These adjustments align more

closely with the framework employed in the latest published transformation protocols, further

reinforcing the notion that reduced temperatures and incubation times are adequate for

efficient Agrobacterium DNA delivery (Li et al., 2024). Further standardization of

Agrobacterium infection revealed that, contrary to the reported enhancement of

Agrobacterium virulence under acidic pH (Yuan et al., 2008; Wang et al., 2018), embryos

subjected to a pH of 5.2 exhibited reduced callus development and no detectable GUS

expression (Figure 1a, c, e, g). This indicates that pH is a limiting factor in sorghum callus cell

proliferation and that a more acidic pH negatively impacts the viability of the plant material.

It is important to highlight that in the morphogene-based transformation system, we

strategically incorporated morphogenic regulators, specifically Bbm and Wus2, known for their

pivotal role in promoting somatic embryogenesis (Zuo et al., 2002; Lowe et al., 2016; Horstman

et al., 2017; Chen et al., 2022). These regulators were driven by non-constitutive promoters:
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the maize phospholipid transferase protein promoter (Pltppro) for Bbm and the auxin-inducible

promoter (Axig1pro) for Wus2. This approach, proven effective in inducing somatic

embryogenesis in maize (Jones et al., 2019), was tailored to enhance the somatic

embryogenesis process in our sorghum transformation protocol.

By integrating these morphogenic regulators into the protocol, we significantly streamlined the

transformation process, reducing the total duration to just 66 days. This represents a

substantial improvement over conventional methods, such as Agrobacterium or

particle-bombardment-based techniques that do not incorporate morphogenic regulators (Liu

and Godwin, 2012; Zhao et al., 2000).

For maize B104, we obtained a transformation frequency of 3,3% when using the control

vector pG3K-ZmUbipro::GUS-intron:tBdUBI1-C together with the LBA4404 strain equipped with

ternary helper vector pVS1-VIR2 and G418-based selection. This is less compared to the

average 6.4% B104 transformation frequency obtained using the LBA4404 strain equipped with

the ternary helper vector pKL2299 and selection using G418 (Kang et al., 2022) and less

compared to the average 8.2% B104 transformation frequency we observed when using the

strain EHA105 recA-, pVS1-VIR2 and selection using hygromycin (Vandeputte et al., 2024). We

anticipate that with optimization of the protocol (infection, tissue culture) we will be able to

further improve the frequency. Similar to sorghum, combining with Bbm and Wus2, led to a

drastic increase in transformation efficiency, reaching up to 21.6%. Previously, we observed

that maize T0 plants containing high copy numbers of Axig1pro::ZmWus2 and Pltppro::ZmBbm

were associated with pleiotropic effects (Aesart et al., 2022). Remarkably, only five of the 27

tested plants transformed with pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C had a T-DNA copy

number greater than two. Excision was less efficient compared to sorghum with only four lines

showing absence of the morphogenic gene cassette (Figure 6). In other lines excision was

absent or only partial. We here use the promoter of the late-embryogenesis and ABA-inducible

maize gene GLOBULIN-1 (Duncan et al., 2003) to drive MoCRE expression. Further optimization

of timing and concentration of ABA during the process or use of alternative promoters to drive

MoCRE expression may aid to improve this step in the future for maize. Nevertheless, as all

plants are fertile, pG3K-WO-AG can be used for gene editing approaches in which the T-DNA

and morphogenic genes are crossed out.

In the sorghum transformation methodology, we combined the ternary vector pVS1-VIR2 with

Bbm and Wus2, setting it apart from previous protocols and significantly boosts efficiency. We

have achieved a remarkable enhancement in total transformation efficiency, reaching up to
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164.8%, a 2.36-fold increase compared to the highest sorghum transformation efficiency

reported (Che et al., 2022). Notably, Li et al., 2024, recently achieved transformation

efficiencies of 39.68%, based on embryos producing at least one regenerated shoot, using a

similar combination of GRF4-GIF1 with pVS1-VIR2, which closely aligns with our own

achievement of 30.8% transformation efficiency with Bbm and Wus2.

Our highly efficient sorghum transformation method represents a significant advancement for

plant biotechnology, particularly within the European scientific community. However, it is

important to note that the Tx430 genotype, while well-established since the early 1990s (Casas

et al., 1993), is not representative of modern or globally significant sorghum parental lines.

Future work should aim to extend this method to elite varieties, such as Macia (SDS 3220),

widely grown across Africa (Wanga et al., 2023), and Tx623, the reference genome sequence

(Paterson et al., 2009). Other key targets include dominant genotypes like M35-1 in India

(Rama Reddy et al., 2014), and European-adapted varieties (Schaffasz et al., 2019). The routine

transformation of these genotypes would greatly enhance sorghum biotechnology’s global

impact and accelerate breeding programs for widely cultivated elite varieties.

(VI) EXPERIMENTAL PROCEDURES

Sorghum transformation

The transformation method, illustrated in Figure 2, is described in detail in the following

sections.

Collecting immature embryos from Tx430 sorghum plants.

Fifteen days after anthesis initiation, embryos were selected based on size, ranging from 1.5 to

2 mm (Figure 2b). Spikelets containing embryos of the specified size were harvested and each

seed was carefully separated by hand to avoid damage, which facilitated embryo isolation. The

individual seeds were then placed in 50 ml conical centrifuge tubes and stored at 4 °C

overnight.

Agrobacterium preparation.

A schematic representation of the construct used in this work is provided in Figure 2a. Two

different GOI constructs were employed: ZmUbipro::GUS-intron-tBdUbi1-C, used to monitor

Agrobacterium infection and stable expression throughout the transformation stages, and
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ZmUbipro::(Membrane-localized protein fused to GFP)-tBdUbi1-C, utilized to obtain

overexpressor lines. A glycerol stock of Agrobacterium strain EHA105 recA- carrying the

pVS1-VIR2 and the specified constructs was used to inoculate a plate with YP media (Table S1)

and incubated at 28 °C in the dark for 3 days. One day before transformation, actively growing

Agrobacterium was used to inoculate a freshly prepared YP media plate and incubated at 28 °C

in the dark overnight. On the day of transformation, a scoop of Agrobacterium was mixed in a

50 ml conical centrifuge tube containing 10 ml of Infection media (Table S1) and the mixture

was incubated at room temperature in a horizontal shaker at 200 rpm for a minimum of 2

hours.

Sorghum seed sterilization and isolation of immature embryos.

Seeds were sterilized in 50 ml conical centrifuge tubes by adding 5% bleach and placing the

tubes on a rotor wheel for 20 minutes. The seeds were then washed with sterile distilled water

for 5 minutes in the rotor wheel, repeating this process five times. The sterilized seeds were

placed in large petri dishes and embryos were isolated using tweezers and a dissecting lancet

(Figure S1). The isolated embryos were then placed in a 2 ml microcentrifuge tube containing

1.75 ml of Infection media with 25 embryos per tube.

Infection, co-cultivation and resting.

Embryos were washed by removing all the Infection media from the tubes and adding 1 ml of

fresh Infection media. The tubes were inverted 3-4 times, and the Infection media was pipetted

off; this step was repeated. Following this, 1 ml of Agrobacterium solution was added. Before

use, the Agrobacterium solution was diluted in Infection media to an OD of 0.3 at 550 nm

wavelength. The tube was inverted 20 times and incubated at room temperature in the dark

for 5 minutes. Subsequently, 500 µl of the Agrobacterium solution was removed and the

remaining solution was poured into a petri dish with Co-cultivation media (Table S1). Excess

Agrobacterium solution was removed with a pipette and the embryos were placed scutellum

side up and evenly distributed. The plates were then sealed with micropore tape and incubated

at 24 °C in the dark for 3 days. After this incubation period, the embryos were transferred to a

new petri dish containing Resting media (Table S1) to induce callus formation and were

incubated at 26 °C in the dark for 7 days. A checkpoint was included to monitor transient
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expression by performing histochemical staining with X-Gluc (GUS staining) 7 days after

infection (DAI) (Figure 2c).

Induction of somatic embryogenesis with Maturation media I

After resting for 7 days, the embryos that had started to form callus were transferred to

Maturation media I (Table S1). The radicle was removed using a scalpel and tweezers. They

were incubated at 26 °C in the dark for 12 days and non-progressed embryos were discarded.

At 14 DAI, the calli were used for GUS staining. The first GUS staining provided information

about the infection efficiency of the transformation, although it could still reflect transient

expression. In the second GUS staining, stable expression of the transgene was studied. In the

case of stable expression, a transition from single-cell expression to cell clusters containing the

transgene can be observed. Embryogenic tissue formation can also already be evaluated at this

point (Figure 2d).

Regeneration and rooting

After 12 days in Maturation media I, all calli were transferred to Maturation media II (Table S1)

containing 100 mg/L of geneticin (G418, Gibco, Thermo Fisher Scientific; Waltham, MA, USA).

They were incubated at 26 °C in the dark for 14 days. At 21 DAI, the calli were used for GUS

staining. After 7 days in Maturation media II, the selection effect on non-transformed cells was

already visible as necrotic tissue. However, clusters of living cells expressing the construct were

a good indication of stable expression of the construct, including the selecting agent (Figure

2e).

After 14 days on Maturation media II, regenerated plantlets can already be observed (Figure

2f). The callus and regenerant plants were transferred to fresh Maturation media II with 250

mg/L of geneticin. Since the callus was very friable at this stage, care was taken during

subculturing and the callus was divided into several pieces to allow proper growth of the

regenerant plants. The regenerant plants and embryogenic tissue from the same callus were

tracked to differentiate putative clonal plants with the inserted T-DNA in the same genomic

region. As the calli grew and were divided into more pieces, they occupied more space, around

10-12 calli were placed per plate.
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After 14 days, the calli and regenerant plants were transferred to Rooting media (Table S1) and

incubated at 25 °C with a light regime of 80-100 µE/m²/s light intensity in a 16:8 cycle until the

roots were well formed. After 14 days in Rooting media, the shoots turned green and

elongated, and primary and secondary roots formed and elongated (Figure 2g, h).

Passing to soil T0 plants

The rooted plantlets were then transferred to soil using pre-wetted Jiffy-7 pellets and covered

with a plastic box to maintain high humidity, aiding in their acclimatization from tissue culture

to soil. These transgenic plantlets were maintained under controlled growth conditions, with a

light intensity of 300 µE/m²/s, a 16-hour light period at 26 °C, and an 8-hour dark period at 22

°C. The humidifying cover was removed after 3 days.

Genotyping and determining quality events.

Stable T-DNA integration was determined by PCR using genomic DNA extracted from T0

plantlet leaves. Different PCRs were performed to test the presence of the GOI and the

presence of the non-excised morphogenic regulators (Figure S2). The primers used in this study

are specified in Table S2. The quality events (presence of nptII and absence of MoCRE and GmR

[binary vector backbone]) were further analyzed by dPCR to also determine the number of

T-DNA copies (Table S5).

Vector construction

The Sorghum bicolor UBIQUITIN promoter (pSbUBI), NEOMYCIN PHOSPHOTRANSFERASE II

coding sequence (nptII), and SbUBI terminator (tSbUBI) were ordered as synthetic DNA flanked

by GreenGate AC, CD and DE sites respectively (Table S3, Twist Bioscience, South San Francisco,

CA, USA) based on the vector PHP97334 (Wang et al. 2023). These elements were combined

into GGIB shuttle vector pGGIB-U8-AG-9 using Golden Gate cloning (Lampropoulos et al., 2013)

to yield pGGIB-U8-pSbUBI-nptII-tSbUBI-U9 and subsequently combined using Gibson assembly

with pGGIB-U1-linker-U7 and pGGIB-U7-A-BsaI-sfGFP-BsaI-G-U8 in a destination vector
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pG3-U1-AG-U9 (Vandeputte et al., 2024), which is compatible with pVS1-VIR2. This yielded the

new Golden Gate-compatible destination vector pG3K-AG. For a novel destination vector with

the morphogenic genes, a Gibson assembly reaction was set up using pGGIB-U1-LoxP-U2,

pGGIB-U2-pZmGLB1-MoCre-tnos-U3, pGGIB-U3-pZmAXIG1-ZmWUS2-t35S-U4,

pGGIB-U4-pZmPLTP-ZmBBM-tnos-U5, pGGIB-U5-LoxP-U6, pGGIB-U6-A-BsaI-sfGFP-BsaI-G-U7,

pGGIB-U7-linker-U8 and pGGIB-U8-pSbUBI-nptII-tSbUBI-U9 in the vector pG3-U1-AG-U9

(Aesaert et al., 2022, Vandeputte et al., 2024). This yielded the destination vector

pG3K-WO-AG. These destination vectors where subsequently used to create the expression

vectors pG3K-ZmUbipro::GUS-intron:tBdUBI1-C and pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C

using Golden Gate cloning. All destination and expression vectors were verified using whole

plasmid sequencing (Eurofins). All vectors and vector maps (.gb files) are available from the VIB

plasmid repository https://vectorvault.vib.be/. The ternary vector pVS1-VIR2 (Zhang et al.,

2019) is available from addgene.org as plasmid #134745.”

Maize transformation

The constructs pG3K-ZmUbipro::GUS-intron:tBdUBI1-C and

pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C , also used for Sorghum transformation were

transformed in the strain LBA4404 containing the pVS1-VIR2 ternary vector. The method for

transformation was essentially as described (Kang et al., 2022). Four independent ears of B104

were used with twelve-day-old embryos, stored overnight at 4°C before embryo isolation. For

each cob, approximately 50 embryos were used totaling between 199 and 218 per

experimental condition. Agrobacterium were grown over the weekend on AB-medium with

appropriate selection. On Monday, bacteria were resuspended in 100 μl H2O and plated on

YP-plates with antibiotics. LBA4044 cells were resuspended from plate in 7 mL infection

medium with AS and diluted in new infection media to OD550 of 0.50. Embryos were incubated

on maize co-cultivation medium (pH 5.6) for 1 day at 21 °C in the dark and progressed in tissue

culture as described (Kang et al., 2022).

Digital PCR

We used nanoplate-based digital PCR (dPCR) for molecular characterization of T0 events.

Genomic DNA (gDNA) was prepared using the Wizard® Genomic DNA Purification kit (Promega)

and quantified using the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific: Waltham, MA,
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USA). For maize and sorghum, gDNA was diluted to 5 and 2 ng/μL respectively. After adding

primers, probes (Table S2) and the QIAcuity Probe PCR Kit Master Mix (Qiagen,: Germantown,

MD, USA) mixtures were digested with CviQI (NEB) for 10 min at 24 °C. The Qiagen QIAcuity

One 5-plex platform and an 8.5K 24-well or 96-well Nanoplate was used. Probes (PrimeTime™,

IDT, Leuven, Belgium) contained 6-FAM, HEX and Cy5 fluorophores for selection marker,

reference gene and backbone, respectively. Single-copy reference genes FPGS

(Zm00007a00000670) for maize (Manoli et al., 2012) or SbENOL1 (SORBI_3002G186900) for

sorghum (Belide et al., 2017) were used.

GUS staining and quantification

Calli were harvested and incubated in 90% acetone at 4 °C for 30 min. After removing the

acetone, the calli were incubated in phosphate buffer (50 mM NaPO4, 0.01% Triton, pH 7) at

room temperature with shaking. Subsequently, the buffer was replaced with cyanide buffer (2

mM ferricyanide, 2 mM ferrocyanide in phosphate buffer) and incubated for 30 min under

vacuum followed by 30 min at 37 °C. The cyanide buffer was then replaced with X-Gluc solution

(3 mM X-Gluc [Duchefa; Haarlem, Netherlands] in cyanide buffer), and the calli were incubated

at 37 °C for 30 min. Following this, the calli were washed with phosphate buffer and

photographed. GUS expression was quantified by measuring the percentage of stained area

using GIMP software, with blue pixels selected using the color selection tool and compared to

the total pixels.

Statistical analysis

Data were analyzed using a two-way Analysis of Variance (ANOVA) followed by Tukey's

Honestly Significant Difference (HSD) test. Differences between group means were considered

statistically significant if the p-value was less than 0.05. Results are presented with different

letters indicating statistically significant differences between groups. Groups sharing the same

letter are not significantly different, while groups with different letters are significantly

different.
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(IX) SHORT LEGENDS FOR SUPPORTING INFORMATION

Table S1. Medium composition for sorghum transformation.

Table S2. Oligonucleotides used in this study.

Table S3. DNA sequences of elements synthesized in this study. BsaI restriction sites are indicated in red,
GreenGate overhang in green, and start- and stop codons in blue.

Table S4. Plasmids used in this study. KmR, kanamycin resistance; GmR, gentamycin resistance; sfGFP,
PglpT-sfGFP-TrrfB visual marker for E. coli.

Table S5. Molecular characterization of sorghum T0 plants using digital PCR. Copy numbers of the selection
marker (nptII) and vector backbone (GmR) were determined using dPCR. Presence of the MoCRE gene was used to
examine Cre/lox-mediated excision of the morphogenic genes.

Table S6. Molecular characterization of maize T0 plants using digital PCR. Copy numbers of the selection
marker (nptII) and vector backbone (GmR) were determined using dPCR. Presence of the MoCRE gene was used to
examine Cre/lox-mediated excision of the morphogenic genes. When multiple plants were derived from the same
immature embryo they are given an additional lowercase letter.

Figure S1: Immature sorghum embryo isolation procedure. (a) Position the seed with tweezers, ensuring the
embryo side (opposite the hilum) is facing upward. (b) Use a lancet to create a small aperture at the tip of the seed. (c)
Gently press the lancet at the bottom of the seed, taking care to avoid damaging the embryo. (d) Extract the embryo
with the tip of the lancet and transfer it into microcentrifuge tubes.

Figure S2. Gel electrophoresis of amplified DNA by PCR in transgenic and non-transgenic (WT) plants.
Plasmid DNA was also amplified as a positive control. The amplicon length is 663 bp for the GOI region and 1133 bp
for the excision cassette region.
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Table 1. Transformation efficiency, escape frequency and excision efficiency in sorghum transformation
protocol. a) Embryos with at least one regenerated shoot/starting embryos. b) Total isolated individual
plantlets/starting embryos. c) Total number of escapes/starting embryos. d) Plantlets without MoCRE gene/ plantlets
analyzed by PCR

(XII) FIGURE LEGENDS

Figure 1. GUS-stained calli and quantification for optimization of infection conditions. (a-h) GUS-stained calli
with different condition of pH, Optical density, and temperature. (a) pH 5.2, OD 0.3 and 21°C. (b) pH 5.8, OD 0.3
and 21°C. (c) pH 5.2, OD 0.7 and 21°C. (d) pH 5.8, OD 0.7, 21°C. (e) pH 5.2, OD 0.3 and 24°C. (f) pH 5.8, OD 0.3
and 24°C. (g) pH 5.2, OD 0.7 and 24°C. (h) pH 5.8, OD 0.7 and 24°C. (i, j) GUS quantification in GUS-stained
percentage of callus growing at pH 5.8. Different letters represent statistical differences. (h) GUS-stained calli with
optimum conditions. (P < 0.05, Tukey´s HSD test).

Figure 2. Schematic representation of the construct pG3K-WO-AG used in this work and tissue culture
progression. (a) Excision-based construct using morphogenic regulators, ABA-inducible MoCRE and nptII as a
selection marker. (b) Isolated immature embryos ranging from 1.3 to 2.15 mm. (c-e) GUS-stained calli at 7, 14 and 21
days after infection. (c) Callus induction in resting medium 7 days after infection. It is noticeable the formation of
embryogenic and non-embryogenic tissue (ET and NET) in the immature embryo scutellum. (d) Somatic
embryogenesis induction in Maturation I medium 14 days after infection. There is already presence of globular
embryos (GE) and scutellar embryos (SE) where GUS expression is present. (e) Somatic embryo maturation in
Maturation I medium 21 days after infection and just before cassette excision. There is presence of coleoptilar
embryos (CE) and the cell clusters expressing GUS are bigger. (f-h) Detailed pictures of calli overexpressing the
membrane-protein in the GOI cassette 36 and 66 days after infection. (f) Germination of somatic embryos in
Maturation II medium 36 days after infection. (g-h) Rooted plantlets in rooting media 66 days after infection.

Figure 3. Flow chart of excision-based Tx430 sorghum transformation protocol.

Figure 4. Phenotypes and confocal imaging pictures of transgenic plants with integrated membrane
protein-GFP fusion and non-transgenic plants. Phenotypes observed in sorghum transgenic plants carrying the
morphogenic regulator cassette (b), not carrying it (c, d), and escapes (a). (e,f) Yellow channel (GFP) shows the
localization of membrane-localized protein and grey channel (bright field) shows the root tissue. (e) GFP absence in
non-transgenic root meristem. (f) GFP presence in transgenic root meristem. Images were acquired in FV1000
Olympus confocal microscope.
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Figure 5. Transformation of the maize inbred line B104 using pVS1-VIR2 combined with ZmBbm and
ZmWUS2. (a-b) Immature maize embryos transformed with LBA4404 containing pVS1-VIR2 and the binary vector
pG3K-ZmUbipro::GUS-intron:tBdUBI1-C (a) and pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C (b) were stained for
GUS expression 7 days after co-cultivation to visualize transient transformation and formation of somatic emrbyos.
Scale bar: 1 mm. (c-d) Representative images of maize plantlets regenerating on maturation medium containing G418
for selection. Embryos of the same cob, transformed with (c) pG3K-ZmUbipro::GUS-intron:tBdUBI-C or (d)
pG3K-WO-ZmUbipro::GUS-intron:tBdUBI-C. (e) Representative transgenic plant (953-552-O) generated using
pG3K-WO-ZmUbipro::GUS-intron:tBdUBI1-C with image of a cob after self-crossing (inset), illustrating normal
fertility.

Figure 6. Distribution of regenerant plants by the number of T-DNA copies and excision efficiency in sorghum
and maize. The distribution of regenerant plants, analyzed by digital PCR, is shown according to the number of
T-DNA copies. The categories are 0, 1, 2, 3, and 4 or more, with the maximum number of T-DNA copies being 8 in
sorghum Tx430 and 5 in maize B104. The figure also shows the distribution of regenerant plants with 1 T-DNA copy,
with the presence of the MoCRE gene.
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Figure 1. GUS-stained calli and quantification for optimization of infection conditions.
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Figure 2. Schematic representation of the construct pG3K-WO-AG used in this work and
tissue culture progression.
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Figure 3. Flow chart of excision-based Tx430 sorghum transformation protocol
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Figure 4. Phenotypes and confocal imaging pictures of transgenic plants with integrated
membrane protein-GFP fusion and non-transgenic plants.
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Figure 5. Transformation of the maize inbred line B104 using pVS1-VIR2 combined with

ZmBbm and ZmWUS2.

Figure 6. Distribution of regenerant plants by the number of T-DNA copies and excision

efficiency in sorghum and maize.
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Table 1. Transformation efficiency, escape frequency and excision efficiency in sorghum
transformation protocol.

Starting

embryos

Regenerated

shoots

(Efficiency)a

Total isolated

plantlets

(Efficiency)b

Escapes

(Frequency)c
MoCRE absence

(Excission efficiency)d

Experiment 1 250 77 (30.8%) 415 (166%) 6 (7%) 63 / 93 (67.7%)

Experiment 2 125 29 (23.2%) 203 (162.4%) 0 (0%) Not available

Table S1. Medium composition for sorghum transformation.
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Table S2. Oligonucleotides used in this study.

Table S3. DNA sequences of elements synthesized in this study. BsaI restriction sites are indicated in red,
GreenGate overhang in green, and start- and stop codons in blue.
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Table S4. Plasmids used in this study. KmR, kanamycin resistance; GmR, gentamycin resistance; sfGFP,
PglpT-sfGFP-TrrfB visual marker for E. coli.
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Table S5. Molecular characterization of sorghum T0 plants using digital PCR. Copy numbers of the selection
marker (nptII) and vector backbone (GmR) were determined using dPCR. Presence of the MoCRE gene was used to
examine Cre/lox-mediated excision of the morphogenic genes.
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Table S6. Molecular characterization of maize T0 plants using digital PCR. Copy numbers of the selection
marker (nptII) and vector backbone (GmR) were determined using dPCR. Presence of the MoCRE gene was used to
examine Cre/lox-mediated excision of the morphogenic genes. When multiple plants were derived from the same
immature embryo they are given an additional lowercase letter.
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Figure S1: Immature sorghum embryo isolation procedure. (a) Position the seed with tweezers, ensuring the
embryo side (opposite the hilum) is facing upward. (b) Use a lancet to create a small aperture at the tip of the seed. (c)
Gently press the lancet at the bottom of the seed, taking care to avoid damaging the embryo. (d) Extract the embryo
with the tip of the lancet and transfer it into microcentrifuge tubes.

Figure S2. Gel electrophoresis of amplified DNA by PCR in transgenic and non-transgenic (WT) plants.
Plasmid DNA was also amplified as a positive control. The amplicon length is 663 bp for the GOI region and 1133 bp
for the excision cassette region.
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