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Dear Editor,
Pearl millet (Pennisetum glaucum L.), a C4 grass, accounts for 50% of 
total millet area in terms of global production (Ramu et al. 2023). It 
plays an important role in food and nutritional security for more 
than 90 million people in arid regions of Sub-Saharan Africa and 
Asia (Yadav et al. 2021). This crop exhibits an inherent capacity 
to adapt to drought and elevated temperatures, displaying resil
ience against saline and acidic soil conditions, rendering it partic
ularly well-suited for utilization in marginal lands with low 
fertility. Pearl millet is gaining recognition as a critical alternative 
crop for food, animal feed, and fodder in numerous regions glob
ally, including Australia, Brazil, Mexico, the United States, 
Canada, North Africa, and West and Central Asia (Yadav et al. 
2021). It is gluten-free and has a low glycemic index. 
Additionally, it serves as a rich source of calcium, essential micro
nutrients such as iron and zinc, and a notable protein source. 
Genetic advancements in pearl millet have been relatively limited 
thus far, primarily achieved through breeding initiatives. Several 
agronomically important traits, including resistance to fungal dis
eases (downy mildew, blast, rust, smut, and ergot), tolerance to 
terminal drought, enhancements in grain and fodder quality, 
and reduced flour rancidity, have been recognized as crucial prior
ities from the farmers’ perspective, thereby necessitating expe
dited genetic enhancement efforts in pearl millet (Yadav et al. 
2021). Despite its significance as a climate-resilient crop for food 
and nutritional security, pearl millet has not received much focus 
for genetic improvement due to challenges associated with genet
ic transformation and in vitro regeneration. In the present work, 
we established an efficient genetic transformation and genome 
editing method in pearl millet using immature embryos, aided 
by morphogenic regulator (MR) genes and a helper plasmid.

To meet the growing global demand for grain, it is essential to 
leverage trait-specific genes through a blend of traditional and 
cutting-edge technological approaches, along with accelerated 
breeding efforts to develop new varieties. Genetic transformation 
and regeneration are essential steps in genome editing and trans
genesis for gene functional assessment and crop trait enhance
ment. Monocots, particularly pearl millet, have historically 

posed challenges for genetic manipulation due to their recalci
trance to in vitro regeneration and resistance to Agrobacterium 
tumefaciens-mediated transformation which restricts the applica
tion of genome editing. Many studies have examined the in vitro 
regeneration of pearl millet, but genetic transformation research 
remains limited. Somatic embryogenesis-based regeneration sys
tems in pearl millet have been reported using a range of explant 
sources including mature embryos/seed (Arockiasamy et al. 
2006; Ramadevi et al. 2014), immature inflorescences (Goldman 
et al. 2003), immature zygotic embryo-derived calli (Girgi et al. 
2006), shoot apices (Devi et al. 2000), scutellar tissue (Girgi et al. 
2002), apical meristems (Goldman et al. 2003), leaf bases 
(Arockiasamy et al. 2006), embryogenic calli derived from shoot 
tips (Latha et al. 2006), and embryogenic cell suspensions 
(Tiécoura et al. 2015). Most of the aforementioned studies utilized 
particle bombardment for gene delivery and were prone to inte
gration of multiple transgene copies, thought to contribute to 
transgene silencing in the progeny. Recently, the integration of de
velopmental and MR genes into the transformation vector, 
coupled with virulent helper plasmids, has significantly improved 
the efficacy of Agrobacterium-mediated transformation and helped 
overcome the genotype-dependent transformation bottleneck in 
many recalcitrant crops (Lowe et al. 2016; Lee and Wang 2023).

In the present work, our transformation system is composed of 
2 key components: a CRISPR/Cas9 knockout construct integrated 
with a combination of MRs and the A. tumefaciens strain carrying 
a helper plasmid. The CRISPR/Cas9 knockout construct has 3 
components: 2 entry vectors and a binary vector compatible 
with the Gateway cloning system. The binary destination vector 
(DV; RV008586) contains a combination of the MR regulator genes 
wuschel2 (WUS2) and baby boom1 (BBM1), which were expressed in
dependently under their respective promoters (Fig. 1A; 
Supplementary Fig. S1). The combined expression of the Zea 
mays transcription factors WUS2 and BBM1, driven by 
auxin-inducible (pAXIG) and scutellum-specific (pPLTP) gene pro
moters in the transformation vector, has been shown to signifi
cantly promote somatic embryogenesis in various cereal crop 
species without exhibiting any detrimental pleiotropic effects in 
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Figure 1. The figures represent genome editing vector constructs used, fatty acid desaturase 2a (FAD2a) and phytoene desaturase (PDS) gene structures, and 
tissue culture development of knockouts in pearl millet. A) Schematic representation of vector constructs used. The binary destination vector (DV; 
RV008586) harboring expression cassette of morphoregulator genes WUS2 and BBM1, a visual fluorescent reporter gene Anemonia majano CYAN 
(AmCYAN), and a neomycin phosphotransferase II (NPTII) gene. The RV013065 entry vector contains the Cas9 expression cassette under Z. mays 
polyubiquitin1 promoter (ZmUbi1P) and the entry vector RV009361 comprises a gRNA expression cassette under maize U6 promoter. B) The genomic 
architecture of PgFAD2a gene having single exon and location of sgRNA targeted region within the coding region of PgFAD2a. C) The genomic 
architecture of the PgPDS gene has 16 exons interrupted by 15 introns, and the sgRNA target region is within the 4th exon. D) Process of isolation of 
immature embryo following 2 wk post pollination from the developing pearl millet seeds. E) Different types of immature embryo. F) Collection of IEE in 
the infection medium. G) Expression of AmCYAN on the surface of IEE after 15 d of agroinfection. The subsequent figures in the same panel show 
development of secondary callus expressing AmCYAN in the selection medium. H) The figures illustrate the different stages of regeneration of the plant 
from the callus exhibiting AmCYAN expression. I) The figures illustrate the regeneration of plants from the transformed calli from the PgFAD2a 
knockout construct. J to L) Generation of PgPDS knockout plant showing white strip on the leaf surface. The scale bar represents 2 mm.
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the transformed plants (Wang et al. 2023). It also includes a visual 
fluorescent reporter expression system AmCYAN that facilitates 
monitoring of the transformed cells during tissue culture, as 
well as an NPTII selection marker gene (Fig. 1A; Supplementary 
Fig. S1). The first entry vector (EV1; RV013065) contains the Cas9 
expression cassette driven by the robust maize polyubiquitin1 
gene promoter (ZmUbi1P), while the second entry vector (EV2; 
RV009361) comprises a gRNA expression cassette under the regu
lation of the maize U6 promoter (Fig. 1A; Supplementary Fig. S1). 
The Pennisetum glaucum fatty acid desaturase 2a (PgFAD2a) genomic 
clones were amplified from different pearl millet varieties and 
Sanger sequenced (Supplementary Figs. S2 and S3 and Table S1). 
To generate the knockout construct, a highly specific single-guide 
RNA (sgRNA) target site was selected within the PgFAD2a genomic 
sequence, located near the 5′ end, 10 base pairs downstream of 
the start codon (ATG), on the antisense strand of the coding se
quence (Fig. 1B; Supplementary Fig. S2). Similarly, for Pennisetum 
glaucum phytoene desaturase (PgPDS) knockout, a specific 20nt 
sgRNA target sequence was selected in the 4th exon of the 
PgPDS gene (Fig. 1C; Supplementary Figs. S4 and S5 and 
Table S1). The sgRNA duplex was cloned into the BbsI restriction 
sites of the RV009361 vector, and its integration was verified 
through Sanger sequencing (Supplementary Fig. S6). The recombi
nant knockout vectors were developed following LR Gateway re
combination cloning method (Invitrogen, United States) and 
further confirmed by PCR and whole plasmid sequencing 
(Supplementary Materials and Methods and Table S1). The re
combinant vector was transformed into Agrobacterium (LBA4404) 
harboring the helper plasmid (V001832), which was then used 
for pearl millet transformation (Supplementary Fig. S7). The iso
lated immature embryos (IIEs) of the pearl millet genotype 
(IKMB18002), harvested approximately 2 wk after pollination, 
were used for Agrobacterium-mediated transformation (Fig. 1D; 
Supplementary Materials and Methods). For the transformation, 
we used Types IV and V immature embryos, which resulted in a 
high frequency of callus induction (Fig. 1E). The use of these im
mature embryo types allowed us to achieve a robust and efficient 
callus induction process, as observed in our previous study. The 
IIE explants were coincubated for 20 min with the Agrobacterium 
suspension harboring either the PgFAD2a- or PgPDS-knockout 
DNA constructs, with intermittent vortex agitation (1 × 5 to 10 s 
at 200 rpm) (Fig. 1F). The explants were transferred to the coculti
vation solid media (562 V) and incubated in the presence of 100 μM 

acetosyringone for 48 h in the dark to facilitate infection 
(Supplementary Materials and Methods, Supplementary 
Table S2). Two weeks after Agrobacterium transformation in the 
resting medium (605T), we observed CYAN-fluorescent spots on 
the IIE, indicating successful integration of the T-DNA and robust 
expression of the AmCYAN reporter gene (Fig. 1G). The actively 
growing calli after 25 d in resting media were transferred into se
lection medium (605A) containing 50 mg/L G418 antibiotic and al
lowed to grow for 3 wk in the dark until the callus reached a size of 
approximately 0.5 to 0.8 mm (Fig. 1G). The G418 antibiotic selected 
callus was transferred to regeneration media (M20) and exposed 
to light (12 h dark–light cycle) until the formation of young plant
lets (Fig. 1, H and I; Supplementary Materials and Methods and 
Table S2). Following 2 to 3 wk in the regeneration, the young plant
lets were transferred into rooting media (M51) for 25 d to promote 
root development (Supplementary Fig. S8) and subsequently into 
soil pots under greenhouse conditions maintained at 26 °C 
with 45% relative humidity (Supplementary Fig. S9). The PgPDS 
edited plants displayed a distinct chlorophyll bleach stripped 
albino appearance in the regeneration medium (Fig. 1, J to L; 

Supplementary Fig. S8A). Figure 2, A to L describes the details of 
editing of PgFAD2a and PgPDS and timeline of timeline of pearl 
millet transformation. We achieved a secondary callus induction 
frequency of 10% to 30% in the G418 medium (Fig. 2H). 
Furthermore, our analysis indicated that in most batches, approx
imately 90% to 97% (calculated based on the number of plants 
produced) of the putative T0 transformed plants generated 
through tissue culture had Cas9 gene integration confirmed by 
PCR analysis (Supplementary Fig. S10). Additionally, we devel
oped long primer pairs flanking the PgFAD2a gene target region 
for assessing the frequency of diverse long insertions and dele
tions, as well as the editing efficiency of CRISPR/Cas9 system 
(Supplementary Table S1 and Fig. S11). Sanger sequencing analy
sis revealed a high rate of indel editing, ranging from 78% to 100% 
(for PgFAD2a; PMN25-PMN32) and 36% to 38% (for PgPDS; 
PMN41-PMN42), across various batches of Cas9-confirmed T0 
plants. A possible explanation for the differential editing fre
quency between the genes PgFAD2a and PgPDS may be related to 
the effectiveness of the sgRNA sequences (Konstantakos et al. 
2022). The number of homozygous, heterozygous, and biallelic 
mutations is presented in a tabulated form (Fig. 2H). Among the 
PgFAD2a-T0 edited lines, we identified that 6% to 25% of the plants 
were homozygous edits (HOZEs), with a single plant having a 13 
base pair deletion and 2 additional plants with single base inser
tions in the target region (Fig. 2, A and B). Similarly, we also iden
tified that 8% to 50% of the edited lines showed biallelic edits 
(BIEs), and 25% to 100% of the edited lines showed heterozygous 
edits (HEZEs), as confirmed by Sanger sequencing (Fig. 2H). 
Among the PgPDS-T0 edited lines, all plants showed heterozygous 
edits (Fig. 2, C and H). Furthermore, we observed that the T0 edited 
lines, carrying mutations in PgFAD2a, did not exhibit any notice
able phenotypic defects or abnormalities during the developmen
tal stage, and we successfully obtained the seeds (Fig. 2, D to G; 
Supplementary Fig. S9). In contrast, the PgPDS edited lines exhib
ited albino phenotypes and delayed growth during the tissue cul
ture regeneration process (Fig. 1, J to L; Supplementary Fig. S8A). 
To confirm the indel frequency among the edited lines for 
PgFAD2a, we utilized the popular ICE Analysis-v3.0 platform, 
which enabled us to analyze and quantify the different types of in
sertions and deletions within the heterozygous population. From 
the analysis, we notice that 4% showed wild-type genotype, 
53.4% had different insertion mutations, and 36.9% had different 
types of deletion mutations (Fig. 2I). We conducted a detailed 
analysis and categorized various insertion and deletion mutations 
that ranged in length from 1 to 250 base pairs (Fig. 2, J and K). 
These findings indicate that the current genome editing system 
demonstrated robust editing outcomes and produced high fre
quencies of successful indel modifications in the pearl millet ge
nome. The design of specific sgRNA and the robust expression of 
both the sgRNAs and the Cas9 enzyme are crucial factors that de
termine the high-frequency outcome of genome editing. 
Similarly, the utilization of efficient fluorescent marker system 
is also a key component in the present investigation for monitor
ing transformed cell and callus during the tissue culture process. 
Various visible marker systems have been employed in transfor
mation studies across different crops, including the RUBY reporter 
in maize (Lee et al. 2023), the GFP fluorescent marker in diverse ce
reals (Wang et al. 2023), and the dsRED (Huai et al. 2023), AmCYAN 
(Wenck et al. 2003), FastRED (Castel et al. 2019), and GUS marker 
systems. The nondestructive fluorescent marker system has 
demonstrated greater efficacy and advantages in comparison to 
the RUBY reporter and GUS marker systems. Given that the 
majority of cultivated crops exhibit recalcitrance to genetic 

Genetic transformation and genome editing in pearl millet | 3
D

ow
nloaded from

 https://academ
ic.oup.com

/plphys/article/199/3/kiaf499/8315057 by guest on 06 N
ovem

ber 2025

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf499#supplementary-data


A

B

C

H

L

I J K

D E F G

Figure 2. Genotyping of PgFAD2a and PgPDS edited lines and timeline of pearl millet transformation. A) The nucleotide shows the homozygous 
insertion and deletion (INDEL) mutation profile of PgFAD2a targeted region among T0 lines. The vertical dotted line shows Cas9 cleavage on DNA 
strands 3 bases downstream of PAM. B) The chromatogram illustrates different types of editing including homozygous, biallelic, and heterozygous 
editing at the PgFAD2a target site. C) Sequencing of wild type (WT) plants and PgPDS edited lines revealed heterozygous chromatograms at the PgPDS 
target sites. D to G) The phenotype of different types of WT and edited lines of PgFAD2a grown in greenhouse conditions. D) Wild-type plant, E) 
PgFAD2a-171 plant with “C” insertion mutation, F) PgFAD2a-176 plant with 13 base deletion mutation, and G) PgFAD2a-190 plant with “A” insertion 
mutation. The plants and panicles were photographed at different times, and the scale bars in the figures represent 5 cm. H) The table summarizes the 
different transformation batches, transformation efficiency, editing frequency, and % of different types of edits. The abbreviations HOZE, HEZE, and BIE 
indicate homozygous edits, heterozygous edits, and biallelic edits, respectively. I to K) The graphs generated using ICE analysis demonstrate the 
percentage of insertions and deletions as well as the length of insertion and deletion frequency among the PgFAD2a T0 edited lines. The ratio of 
insertions and deletions was determined from T0-PgFAD2a population (n = 80). The figures for the length of insertion and deletion edited frequency 
represent the mean of T0-PgFAD2a population ± SD (n = 46) and (n = 34), respectively. L) The following figure depicts a graphical representation of a 
timeline illustrating the various stages and steps involved in the pearl millet transformation and generation of edited events through the tissue culture 
process (The diagram was created using BioRender.com.).
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transformation, this restricts the genetic foundation available for 
trait enhancement. In the present investigation, the use of a com
bination of the BBM1 and WUS2 morphoregulatory genes within 
the destination vector assists in overcoming transformation chal
lenges and facilitates the accelerated regeneration of transformed 
callus into a fully developed plant (Supplementary Fig. S1). Over 
the past several years, the deployment of diverse MR genes, 
such as AGAMOUS-LIKE (AGL), GROWTH-REGULATING FACTORS 
(GRFs), GRF-INTERACTING FACTORS (GIFs), WUSCHEL (WUS), 
BABYBOOM (BBM), LEAFY COTYLEDON (LEC), WUSCHEL-RELATED 
HOMEOBOX (WOXs), SHOOT MERISTEMLESS (STM), CUP-SHAPED 
COTYLEDON (CUC), ENHANCER OF SHOOT REGENERATION (ESR), 
PLETHORA (PLTs), and ISOPENTENYL TRANSFERASE (IPT), either in
dependently or in combination, has markedly increased transfor
mation efficiency and facilitated the reprogramming of 
transformed explants into the processes of somatic embryogene
sis or organogenesis across numerous crop species that were his
torically resistant to genetic transformation (Duan et al. 2022; Lee 
and Wang 2023; Belaffif et al. 2025). It has been observed that 
strong overexpression of certain MR genes resulted in an abnor
mal or aberrant phenotype (Lee and Wang 2023). The current 
study utilized a similar approach to increase the transformation 
rate while avoiding aberrant phenotypes.

In summary, we have successfully developed a streamlined 
and efficient Agrobacterium-mediated transformation and genome 
editing system for recalcitrant pearl millet genotype. The entire 
transformation process, starting from the use of IIE as an explant 
for transformation, culminated in the development of a complete 
plant within a timeframe of 145 d (Fig. 2L). The MR components of 
the transformation system can potentially surmount the geno
typic dependence of genetic transformation in pearl millet culti
vars, offering substantial potential for functional genomics 
investigations, genome editing, and crop enhancement in other 
elite pearl millet cultivars. Although we employed a single 
sgRNA for genome editing, we achieved a high rate of on-target ed
iting efficiency (78% to 100%) in the PgFAD2a gene. Furthermore, 
the utilization of the AmCYAN fluorescent marker facilitated the 
identification of transformants across various developmental 
stages of pearl millet tissues, demonstrating its effectiveness as 
a nondestructive fluorescent marker for crop transformation 
and also significantly decreased the nontransformed plant escape 
rates. The integration of this marker into the genome editing vec
tor system can also facilitate the screening of transgenic plants or 
the identification of transgene-free segregants. The present ge
nome editing system, featuring robust expression of the Cas9 
and sgRNA components along with a helper plasmid, can estab
lish a highly efficient platform for precision genetics to generate 
targeted genome modifications in other elite pearl millet germ
plasm for trait improvement.
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