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Abstract

The GROWTH-REGULATING FACTOR (GRF) and its INTERACTING FACTOR (GIF) have been shown to stimulate
regeneration of transgenic plants with studies reporting increased transformation efficiency in multiple species, including
wheat, beet, and citrus. The present work evaluated the effects of overexpressing GRF4-GIF1 and GRFS5 on the regenera-
tion of transgenic plants in cassava (Manihot esculenta Crantz). Effects of GRF4-GIFI and GRF5 sequences derived from
Vitis vinifera and Arabidopsis thaliana were assessed by cloning expression cassettes under control of strong constitutive
promoters. Friable embryogenic callus from cassava varieties 60444 and NASE 13 were transformed with Agrobacterium
tumefaciens strains LBA4404 and LBA4404 THY-, and multiple independent transgenic plant lines recovered. Expression
of the morphogenic genes did not enhance transformation efficiency, nor efficiency or timing of somatic embryo regenera-
tion or whole plant recovery above the green fluorescent protein (GFP) control. Organogenesis experiments were carried out
to observe effects of transgenic expression of these genes on morphogenesis from petiole, leaf-petiole, and stem explants.
Results differed between the two genotypes evaluated. Expression of Vitis vinifera GRF4-GIF 1 was effective for stimulation
of rapid organogenesis and shoot regeneration at 30 to 37% from leaf-petiole explants of cultivar 60444. In contrast, Arabi-
dopsis thaliana GRF5 was superior in stimulating shoot regeneration in cultivar NASE 13 with 40 to 50% of leaf-petiole
explants regenerating shoots. In both cultivars, caulogenesis occurred rapidly within 3 to 4 wk culture on medium containing
the cytokinin meta-topolin. Effects of overexpression of these morphogenic genes at the whole plant level were accessed
by establishing plants in the greenhouse. GRF4-GIF I overexpression resulted in significantly shorter plants with increased
leaf size and total leaf area while AtGRF5 stimulated above average storage root weight.

Keywords Agrobacterium transformation - Cassava - GROWTH-REGULATING FACTOR - Morphogenesis - Shoot
regeneration

Introduction

The root crop cassava (Manihot esculenta Crantz) originated
in the southwest Amazon in Brazil (Watling et al. 2018)
and since has become an important staple food across the
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tropical regions of South America, sub-Saharan Africa, and
Asia. Cassava is cultivated mostly by smallholder farmers
for its large starchy storage roots, providing an important
source of dietary calories and industrial starch (Chavarriaga-
Aguirre et al. 2016). Transgenic and genome editing tech-
nologies have been utilized to address constraints in cas-
sava production, including disease resistance (Wagaba et al.
2017; Veley et al. 2021), modified starch quality (Bull et al.
2018), enhanced nutritional content (Narayanan et al. 2019;
2021), reduced cyanogenic content (Gomez et al. 2023), and
herbicide tolerance (Hummel ez al. 2018).

Many transgenic and genome editing technologies rely on
the production of morphogenic tissues in culture into which
transgenes and gene editing tools can be delivered, and
whole plants regenerated. Regeneration of plants typically
occurs through somatic embryogenesis or organogenesis, the
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latter via de novo formation of meristems or rearrangement
and proliferation of pre-existing meristems. Traditionally,
this is achieved in vitro by manipulating auxin/cytokinin
ratios in the culture medium. More recently, ectopic over-
expression of plant genes that control growth and develop-
ment has proven effective for stimulating morphogenesis and
plant regeneration (Gordon-Kamm et al. 2019). Debernardi
et al. (2020) showed how the expression of GROWTH-
REGULATING FACTOR 4 (GRF4) and its cofactor GRF-
INTERACTING FACTOR 1 (GIF1) dramatically increased
the efficiency and speed of plant regeneration in wheat
and citrus while the GROWTH-REGULATING FACTOR 5
(GRF5) increased transformation efficiency in beet, canola,
soybean, and sunflower (Kong et al. 2020).

The GROWTH-REGULATING FACTOR (GFR) is a fam-
ily of plant transcription factors defined by the presence of
the WRC and QLQ protein domains. These factors have a
role in promoting cell proliferation during leaf development
and are required for the development and maintenance of
the shoot apical meristem (SAM) (Kim et al. 2003; Kim
and Lee 2006). GRFs interact with another family of tran-
scription factors, the GROWTH INTERACTING FACTOR
(GIF), forming a complex that gives the primordial cells of
vegetative and reproductive organs a meristematic specifica-
tion state, guaranteeing the supply of cells for organogenesis
(Lee et al. 2009). GRF expression is post-transcriptionally
downregulated by microRNA396 (miR396). In Arabidopsis,
the miR396 gene family has two members (ath-mir396a and
ath-mir396b). These can induce cleavage of AtGRF mRNA
species, except for AtGRF5 and AtGRF6 transcripts, which
lack the target site (Kim and Tsukaya 2015). According to
Vercruyssen et al. (2015), the transcription factor GRF5
regulates duration of cell proliferation during leaf develop-
ment in Arabidopsis. They have shown that overexpression
of GRF5 also stimulates chloroplast division, resulting in
a higher chloroplast number per cell with increased chlo-
rophyll levels in leaves which could maintain higher rates
of photosynthesis. Transgenic plants overexpressing GRFS
showed delayed leaf senescence and enhanced tolerance
to nitrogen-depleted medium. The authors suggest these
changes could potentially improve plant productivity.

The morphogenic and gene transfer systems employed
to produce transgenic and genome-edited cassava have
improved significantly over recent years. Well-established
methods to produce transgenic plants via somatic embryo-
genesis are in place (Taylor et al. 2012; Segatto et al. 2022),
and organogenic systems for regeneration of shoots from
petiole and stem tissues have been reported (Chauhan and
Taylor 2018). The production of genetically transformed
cassava, however, remains a lengthy and skilled process.
Four months are required to produce friable embryogenic
callus (FEC) target tissues for Agrobacterium or direct
gene-mediated transformation, followed by an additional

4 to 6 mo, to regenerate genetically modified or genome-
edited plants (Segatto et al. 2022). Plant recovery is also
genotype-specific with efficient plant regeneration limited
to a relatively small subset of the many 100 s of varieties
grown by farmers across the tropics (Utsumi et al. 2022).
Continued evaluation of strategies for enhanced plant
regeneration therefore remains important and could lead
to improvements to the current systems, especially with
regard to transformation of recalcitrant cultivars and time
required to recover modified plants. This work investigated
the effects of overexpression of VviGFR4-GIF 1, AtGFR4-
GIF1, and AtGFR5 morphogenic gene regulators in cassava,
and quantified regeneration rates to observe if these genes
had a positive impact on transformation efficiency, organo-
genesis, and speed of plant recovery.

Material and Methods

Construction of binary plasmids Plasmid cloning strategies
were planned and designed using the SnapGene® version
5.3.2 software (Insightful Science; snapgene.com). The con-
trol vector (p8764) was prepared using a modified version of
pCAMBIA 2300 in which the nptIl selectable marker was
driven by the Nos promoter, and the visual marker green
fluorescent protein (GFP) was under the control of a 35S
promoter and RbcS E-9 terminator.

Plasmid JD631 carrying the Vitis vinifera GRF4-GIF 1
gene sequences driven by the 35S promoter was obtained
from Jorge Dubcovsky, University of California, Davis
(Addgene plasmid #160,399; http://n2t.net/addgene:
160399; RRID:Addgene_160399). To produce the plasmid
p8765, the donor Vitis GRF4-GIF1 chimera was digested
with Sbfl and Stul, and the GRF4-GIF1 sequence was puri-
fied and ligated into the GFP control plasmid (p8764) at
the Smal site.

A second set of morphogenic genes was prepared using
gene sequences from Arabidopsis thaliana. GRF4, GIF 1,
and GRF5 sequences were searched using The Arabidop-
sis Information Resource (TAIR) from which two copies of
GRF4 and GRF5 plus one GIF1 were identified. The protein
coding sequences of GRF4 accession number (A73G52910),
GIF1 (AT5G28640), and GRF5 (AT3G13960) were cho-
sen based on the description of their structure and activity
according to published literature (The Arabidopsis Infor-
mation Resource 2021). These GRF4 and GIFI sequences
were fused with an alanine linker and FASTA sequences sent
to Genewiz® for synthesis and fusion to the cassava vein
mosaic virus (CsVMYV) promoter (Verdaguer et al. 1998)
and the NOS terminator. The synthesized AtGRF4-GIFI in
puc57Amp was digested with Ahdl, EcoRI, and Kpnl, and
the top band was gel purified. This fragment was cloned
into p8764 in a 3-way ligation where p8764 was cut with
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Kpnl and AsclI to separate the plasmid backbone and GFP
into two fragments. All three fragments were ligated to form
the vector p8788. For AtGRF5, Spel and Pacl were used to
remove AtGRF4-GIF1 from p8788 replacing it by inserting
AtGRF5 to form the vector p8789. All plasmids were con-
firmed by restriction analysis and Sanger sequencing before
transformation by electroporation into Agrobacterium strains
LBA4404 and LBA4404 THY-.

Plant materials and Agrobacterium transformation of cas-
sava The African cassava varieties 60444 and NASE 13
were used for genetic transformation and plant regenera-
tion studies. Plants were maintained by micropropagation
on Murashige and Skoog (MS) basal medium, supplemented
with 20.0 g L™" sucrose (MS2), and solidified with 8.0 g L™
Noble agar (Segatto et al. 2022).

Production of friable embryogenic callus target tissues Fri-
able embryogenic callus (FEC) used for transformation was
produced from organized embryogenic structures (OES)
according to Segatto et al. (2022). Briefly, immature leaf
explants approximately 2.5 mm in length were excised from
micropropagated mother plants, placed onto MS2 medium
supplemented with 50.0 pM picloram and 2.0 puM CuSO4,
and cultured in low light (20 uMol m~2 s~!) at 28 °C. After
4 wk, the OES that formed was excised, crushed through a
I-mm mesh, placed onto Gresshoff and Doy (GD) medium
supplemented with 20.0 g¢ L™! sucrose and 50.0 pM piclo-
ram, and solidified with 8.0 g L™! Noble agar (GD2 50P).
Tissues were cultured for three, 21-d cycles on GD2 50P
medium under low light conditions for cultivar 60444, as
above, and in the dark for NASE 13, to generate homog-
enous FEC tissues for co-culture with Agrobacterium.

Transformation with Agrobacterium and recovery of trans-
genic plants All morphogenic gene constructs were trans-
formed into FEC target tissues a minimum of four times with
three samples each per transformation experiment. A GFP
control and non-transformed control were also performed
within each experiment.

A liquid Agrobacterium suspension with ODg, of 0.5
was prepared according to Segatto et al. (2022). When using
LBA4404 THY-, 50 mg L~! thymidine was included in the
suspension medium. FEC tissues of 0.5 to 0.7 cc settled cell
volume (SCV) per sample were placed in 12-well plates, and
each sample was inoculated with 2.0 mL of Agrobacterium
suspension for 30 min. FEC tissues were then transferred
onto GD2 50P medium supplemented with 200.0 mM ace-
tosyringone and co-cultured for 3 d at 22 °C under light at
90 uMol m~2 s~! After co-culture, FEC tissues from 60444
were washed with GD liquid medium containing 150.0 mg
L~! carbenicillin and cultured on GD2 50P medium sup-
plemented with 150.0 mg L~! carbenicillin under low light

at 28 °C for 8 d. Tissue was then subcultured onto selec-
tion medium consisting of GD2 50P medium containing
150.0 mg L' carbenicillin and 27.5 uM paromomycin.
For transformation of NASE 13, carbenicillin was replaced
with 125.0 mg L™! cefotaxime at each stage. Tissues were
cultured for 21 d, followed by two subsequent regenera-
tion stages on MS2 medium supplemented with 45.0 uM
paromomycin, 5.0 uM naphthalene acetic acid (NAA), and
0.5 utM NAA. Cotyledon-stage embryos were germinated on
MS2 medium supplemented with 2.0 uM meta-topolin (mT)
and solidified with 2.2 g L™! Gelzan (Segatto et al. 2022).

Tissues and plantlets were monitored for expression of
GFP using a Nikon C15304 dissecting microscope equipped
with an excitation filter of 460 to 500 nm and barrier filter
510 LP. GPF visual scoring was performed using a 0 to 5
scale according to Chauhan et al. (2015) where O=no visible
signal; 1 =1 to 10 GFP-expressing cells; 2=11 to 50 cells;
3=51to 100 cells; 4=101 to 500 cells; and 5 = greater than
500 GFP-expressing cells visible. The number of growing
FEC colonies recovered on callus selection medium, those
regenerating somatic embryos, and germinating plantlets
expressing GFP were assessed for evaluation of transfor-
mation efficiency by dividing the number at each stage by
the initial SCV of FEC sample (Segatto et al. 2022). Somatic
embryos growing on germination medium were evaluated
weekly to observe time required for germination. Regener-
ated shoots were rooted and multiplied by micropropagation
on MS2 medium solidified with 8.0 g L™! Noble Agar.

Molecular confirmation of transgenic plants-Reverse
transcription-polymerase chain reaction (RT-PCR)
and RT-gPCR Regenerated GFP-expressing plant lines were
screened for VViGRF4-GIF1, AtGRF4-GIF1, and AtGRF5
gene expression by RT-PCR and RT-qPCR. All primers were
designed using the Primer3 program (Primer3web version
4.0.0, https://primer3.org/) and produced by Integrated DNA
Technologies (Coralville, IA) with details presented in Sup-
plementary Table 1. Sequences selected for amplification
started at the chimeric junction of the GRF4-GIF1 fusion
and were therefore not present in the cassava genome.

Young leaf tissues were collected from GFP-expressing
in vitro plants, and RNA extraction was performed using
the Spectrum™ Plant total RNA kit (Sigma-Aldrich, Saint
Louis, MO). Samples were treated with DNAse (DNASE70
Sigma-Aldrich) at room temperature for 15 min and were
run in 1.0% agarose gel to check RNA quality. Two micro-
grams of total RNA was reverse-transcribed using the
SuperScript™ III First-Strand Synthesis System (Invitro-
gen, Waltham, MA). PCR cycling conditions comprised an
initial denaturation holding stage at 94 °C for 30 s, followed
by 32 cycles of cycling stage at 94 °C for 20 s, 55 °C for
20 s, and 68 °C for 1:30 min, followed by final extension at
68 °C for 5 min.
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RT-qPCR was performed with SSO Advanced Universal
SYBR® Green Supermix (Bio-Rad laboratories Inc., Her-
cules, CA) with the endogenous cassava gene PP2A used
as an internal control (Moreno et al. 2011). PCR cycling
conditions comprised an initial denaturation holding stage
at 95 °C for 30 s, followed by 40 cycles of cycling stage at
95 °C for 5 s, 61 °C for 30 s, melt curve stage from 65 to
95 °C with 0.5 increments for 5 s, followed by final exten-
sion at 95 °C for 5 min. Reactions were set up in triplicates
for each sample. Quantification of the relative transcript
levels was performed using the comparative C; (threshold
cycle) method (Livak and Schmittgen 2001).

Organogenesis from tissues expressing VviGFR4-GIF1,
AtGRF4-GIF, and AtGRF5 Transgenic plant lines regener-
ated from 60444 and NASE 13, confirmed by RT-PCR to
express the morphogenic transgenes, were micropropagated
on MS2 medium. Six-week-old plantlets were selected and
explants prepared by excision of petioles, petioles with the
leaf attached (leaf-petiole), and stem internodes approxi-
mately 1 cm in length. Explants were subcultured onto MS2
medium supplemented with 2.0 uM mT solidified with 2.2 g
L~! Gelzan and cultured under light 90 uMol m~2 s~! at
28 °C for 5 wk.

Tissues were visually scored under a dissection micro-
scope and assessed for presence of callus, compact green
nodular tissue, foliose tissues, regenerated shoots, and roots.
Callus production was scored using a 0 to 5 scale where 0
was absence of callus and 5 was the most amount of callus
observed, reaching approximately 1 cm in diameter. Leaf-
petiole regeneration experiments were performed in tripli-
cate and results expressed as mean score and percentage
from the replicas.

Assessment of somatic embryo maturation Transgenic lines
of cv 60444 expressing VviGRF4-GIF1 were assessed for
regeneration of mature cotyledon-stage embryos from OES.
OES was induced from immature leaf explants cultured on
MS2 medium supplemented with 50.0 pM picloram and
2.0 pM CuSO4. After 4 wk culture in low light (20 uMol
m~2 s'l) at 28 °C, the OES was excised, fragmented with
a hypodermic needle, and used to establish 2-mm diameter
colonies. Twenty-five OES colonies were established per
Petri dish containing MS2 Gelzan medium supplemented
with 2.0 uM mT. After 10 d culture under bright light (90
uMol m~2 s7!) at 28 °C, the number of green cotyledon-stage
embryos developing from each OES colony was determined.

Plant establishment, growth, and assessment in the green-
house In vitro transgenic and control plantlets were planted
in Berger BM7 35% Bark HP mixture potting compost
(Hummert International, Earth City, MO) in 7.6-cm pots
and established in the greenhouse following Segatto et al.

(2022). For all experiments, five independent transgenic
plant lines were established with five biological replicas
along with a GFP control and a non-transgenic control.
Plants were grown at 32 °C/26 °C (day/night) with 60 to
70% relative humidity.

Plant height was measured manually, and mean height
was calculated. Leaf area was assessed by collecting the
fourth expanded leaf below the shoot apical meristem after
14 wk growth in the greenhouse. Leaf images were captured
using a Nikon COOLPIX L830 camera mounted on a sup-
port set 40 cm above the leaf material. ImageJ (Schneider
et al. 2012) web browser (https://ij.imjoy.io/) was used for
leaf area calculation where a known distance in cm was set
as the scale, and image threshold adjusted to default red, and
then analyzed using ROI manager, which selects, sums, and
processes mean leaf area in centimeters squared.

After 14 wk in the greenhouse, a destructive harvest was
performed. The stem was cut at the base and soil and fibrous
roots removed from the storage roots. Stem height, number
of nodes, fresh stem weight, number of storage roots, and
fresh weight of storage roots were determined for each plant.

Experimental design and statistical analysis Transformation
experiments were performed four times, and organogene-
sis studies were repeated three times. Data generated was
subjected to ANOVA to determine significant differences
and where appropriate mean separation was done with the
Dunnett test. Both ANOVA and mean separation were done
using Minitab 17 statistical software package (Minitab Inc.
State College, PA).

Results

Construction of binary plasmids Three binary vectors were
produced for integration of GRF morphogenic genes into
cassava. Transgenic over expression of genes derived from
Vitis vinifera had not been previously attempted in cassava
and had unknown functionality in this species. Therefore, a
second version of the GRF4-GIFI and a GRF5 expression
vector were generated utilizing sequences from Arabidopsis
thaliana. A. thaliana genes are known to function well when
overexpressed in cassava (Narayanan et al. 2019). The GRF
genes were driven by a strong constitutive promoter, in the
case of VviGFR4-GIF1 by the CaMV35S promoter and in
AtGRF4-GIFI and in the case of AtGRF5 by the CsVMV
promoter. In all cases, a GFP expression cassette driven by the
35S promoter was included within the T-DNA to enable real-
time, non-destructive observation of the transformation pro-
cess from single cell expression immediately after co-culture
to the recovery of fully developed plantlets. Details of all con-
structs are shown in Table 1 and Fig. 1. Gene constructs were
transformed into Agrobacterium tumefaciens strain LBA4404
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Table 1. BinafY vectors us'ed Construct no Plasmid size (bp) Genes of interest Abbreviation

for transformation of Manihot

esculenta Crantz cultivars p8764 9829 Green fluorescent protein GFP
p8765 12,940 Vitis vinifera GRF4-GIF 1 WiGRF4-GIF1
p8788 12,797 Arabidopsis thaliana GRF4-GIF1 AtGRF4-GIF1
p8789 12,206 Arabidopsis thaliana GRF5 AtGRFS5

and the thymidine auxotrophic LBA4404 THY-, a modified
version carrying extra virulence genes, previously reported for
use with other morphogenic genes studies (Lowe ef al. 2016).

In this study, LBA4404 THY- was found to enhance efficiency
of T-DNA transfer and transient GFP expression in cultivar
NASE 13 (Supplementary Table 2).
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nm = pp I:> I.D- .I:'}‘I.
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Alanin linker sequence
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Figure. 1 Schematic representation of gene constructs used to gen-
erate transgenic plants in Manihot esculenta Crantz varieties 60444
and NASE 13. GFP-only control plasmid p8764. Vitis vinifera GRF4-
GIF1 plasmid p8765. Arabidopsis thaliana GRF4-GIFI plasmid

p8788. A. thaliana GRF5 plasmid p8789. Organization of the T-DNA
with arrows representing promoters and coding sequences and rec-
tangles represent terminators. Restriction sites used for the construc-
tion are indicated.
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Genetic transformation with morphogenic gene con-
structs GRF4-GIF1 fusion gene constructs were used for
Agrobacterium-mediated transformation of various explants,
including cotyledon tissues derived from somatic embryos.
However, these resulted in very low efficiency of T-DNA
delivery as determined by few, to no, cells expressing GFP
and failure to recover transgenic tissues. Friable embryogenic
callus was therefore utilized as the target tissue for transgene
integration. The varieties 60444 and NASE 13 were selected
to observe the effect of GFR4-GIFI and GRF5 on transfor-
mation efficiency and plant regeneration. Variety 60444 has
high transformation efficiency and potential of plant recovery
(Taylor et al. 2012) while NASE 13, an East African farmer-
preferred cultivar, possesses lower capacity for transformation
and plant regeneration (Narayanan et al. 2021). FEC tissues
were transformed and monitored for GFP expression, recovery
of transgenic callus, and regeneration of somatic embryos and
plants to assess if morphogenic genes affected transformation
and/or plant regeneration efficiency. Data shown in Table 2 is
averaged from four experiments.

Recovery of transgenic tissue and plants from cultivar
60444 followed a pattern reported previously (Taylor et al.
2012) with up to 250 callus lines and as many as 29 inde-
pendent transgenic plants recovered per cm® SCV of co-
cultured FEC for VWiGRF4-GIF1. As predicted, efficiencies

were lower for NASE 13 with approximately 100 callus
lines and 8 to 10 independent transgenic plants recovered
per cm® of starting material for the same construct. A similar
response was also seen for the GFP control, with 20 to 30%
GFP-expressing callus lines regenerating plants in 60444
compared to 7 to 10% in NASE 13 (Table 2). Time to ger-
mination of somatic embryos also differed with shoots of
60444 appearing c. 28 d after being placed on germination
medium while cultivar NASE 13 required up to 70 d and 2 to
3 additional cycles on germination medium for plant recov-
ery. Importantly, all morphogenic gene constructs behaved
similarly during the stages of transgenic tissue recovery,
somatic embryo formation, and plant regeneration. At no
stage did presence of the GRF4-GIF1 or GRF5 transgenes,
whether derived from Vitis or Arabidopsis, confer measur-
able advantages for recovery of proliferating callus lines,
regeneration of somatic embryos, or germination of plants
from transgenic somatic embryos (Table 2). There was also
no difference observed in the time required for plant recov-
ery from mature somatic embryos between the morphogenic
constructs and the GFP-only control.

Transgene expression confirmed by RT-PCR and
RT-qPCR Zero, or very low, transgene expression could
explain why the morphogenic genes failed to simulate recov-
ery of embryos and plants after transformation. Therefore,

Table 2. Tissue and plant recovery from Manihot esculenta Crantz cultivars 60444 and NASE 13 transformed with morphogenic genes

Cultivar  Construct Average Average Average Average Average Average Average
transient number of number of number of number of number of number of
GFP score (1 callus lines callus lines independent  callus lines cotyledon- rooted plant-
to 5)* recovered” forming transgenic recovered stage per cc  lets per cc SCV
cot stage plants per cc SCV SCV (£SE)* (+SE)¢
embryos® recovered? (£ SE)®
60444 GFP 39 226.2 96.8 51.0 116.1+£31.2°  49.6+8.5 26.1+39%
VWiGRF4- 37 281.3 108.5 57.0 1443+358°  55.6+6.61 29.2+4¢%
GIF]
AtGFR4-GIFI 3.8 282.5 89.5 50.7 151.84344° 459+13.2f 27.2+4.5¢%
AtGRFS 3.8 255.7 94.5 34.5 137.5+34.9°  50.8+10.9 18.5+3.9¢
NASE 13 GFP 3.0 174.0 383 15.0 96.7 +24¢ 21.3+6.1° 8.3+3¢
WiGRF4- 2.8 207.3 34.3 14.0 11524+282° 19.1+1.6 78+1.5¢
GIF1
AtGFR4-GIF1 2.8 199.8 40.5 14.8 111.0+£434°  225+7.4° 82+23¢
AtGRFS5 2.9 186.3 51.3 19.5 103.5+25.5° 28.5+4.6 10.8+3.18

Friable embryogenic callus was transformed with Agrobacterium strain LBA4004 carrying morphogenic genes, then selected and regenerated
following Segatto et al. (2022). Data shown is averaged from four independent transformation experiments. cc SCV, cubic centimeter settled cell

volume

#Average transient GFP score is a subjective visual score where 0=no visible signal; 1 =1-10 GFP-expressing cells; 2=11-50 cells; 3=51-100
cells; 4=101-500 cells; and 5 = greater than 500 GFP-expressing cells visible

®Proliferating callus lines recovered after 21 d culture on GD2 50P medium supplemented with paromomycin

Callus lines producing cotyledon-stage embryos after 3 wk culture on MS2 medium supplemented with 0.5 pM 1-naphthaleneacetic acid

4Number of independent transgenic plants regenerated and established on MS2 medium

efeSame letters in a column are not statistically significant by Dunnett’s method at 95% confidence
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RT-PCR and RT-qPCR were performed on regenerated
plants of 60444 and NASE 13 to confirm transgene expres-
sion. GFP-expressing plant lines from each gene construct
underwent initial screening by RT-PCR using primers
designed to be specific for the transgenes with all found to
be expressing the morphogenic transgenes (Supplemen-
tary Fig. 2). In order to better determine morphogenic gene
expression, RT-qPCR was performed. Figure 2 shows quan-
titative expression of VviGRF4-GIF1, AtGRF4-GIF1, and
AtGRF5 from independent transgenic plant lines and GFP-
only control from both cultivars. While no expression was
detected from plants of the GFP-only control, expression of
morphogenic genes was detected from very low to ten-fold
relative gene expression (Fig. 2)., possibly due to position
effect of the integrated transgenes.

60444 WiGRF4-GIF1

7.00

5.00
4.00
3.00
2.00
1.00 I
0.00 .
65-1 65-2 65-3 654 65-5 65-6 GFP

60444 AtGRF4-GIF1
1.80
1.60
1.40
1.20
(‘]80
0.60
’ 88-2

887 88-8 889 GFP

88-4 886
60444 AtGRF5

RELATIVE EXPRESSION

RELATIVE EXPRESSION

RELATIVE EXPRESSION

89-1 89-2 893 894 89-5 89-6 GFP

Figure.2 Quantitative expression of morphogenic genes from in vitro
Manihot esculenta Crantz leaf tissues. Expression was compared
and normalized to protein phosphatase 2 (pp2A). For cultivar 60444,
expression values of 65-3, 88-8, and 89—6 were adjusted to a value of

Enhanced organogenesis observed from plants expressing
morphogenic transgenes Experiments were performed
to determine if transgenic overexpression of GRF4-GIFI
affected morphogenic potential in cassava. Initial evalua-
tion was performed using two plant lines of cultivar 60444
expressing VviGRF4-GIF I by culturing petiole, leaf-petiole,
and stem internode explants on MS2 medium supplemented
with 2.0 uM mT. Meta-topolin is a cytokinin produced from
Populus X robusta and was previously found to stimulate
the production of morphogenic tissues and regeneration of
plants in cassava (Chauhan and Taylor 2018). Various tis-
sues and morphogenic structures were produced from the
explants over the 5-wk observation period (Supplementary
Table 3). These included non-morphogenic callus, which
was pale yellow in color with a soft, watery consistency and

Nase 13 WiGRF4-GIF1

RELATIVE EXPRESSION

65-1 65-3 65-5 65-6 65-8 65-9 GFP

Nase 13 AtGRF4-GIF1
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0
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2 . '
0 @
83 884 885

88-1 88-2 88 88-6 GFP

Nase 13 AtGRF5

RELATIVE EXPRESSION

0 -
89-1 89-2 89-7 89-8 89-9 89-10 GFP

1 with other values expressed relative to these. For cultivar NASE 13,
expression values of 65-1, 882, and 89-2 were adjusted to a value of
1 with other values expressed relative to these. Values are means of
three technical replicates. Error bars represent SD.
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a compact, green nodular tissue (Figs. 3 and 4). No regen-
eration was observed from the soft, pale yellow callus. In
contrast, green-colored, foliose tissues developed from the
compact nodular tissue as soon as 10 d after explanting
onto medium supplemented with meta-topolin. These then
proliferated to form more foliose tissue or regenerated to
produce shoots (Fig. 3; Supplementary Fig. 1). All explant
types were capable of generating non-morphogenic yellow
callus with petiole-leaf explants responding at the highest
frequency of 95 to 100%. Leaf-petiole explants excised from
transgenic lines expressing VviGRF4-GIF] generated green
morphogenic tissues at higher frequencies than petioles or
internodes and were the only explant type from which shoots
and roots were regenerated within the 5-wk observation
period (Supplementary Table 3). Subsequent experiments
therefore focused on further characterizing the organogenic
potential of leaf-petiole explants.

Leaf-petiole explants were obtained from five independ-
ent transgenic 60444 and NASE 13 plant lines expressing
each morphogenic gene construct and cultured on MS2
medium supplemented with meta-topolin. Tables 3 and 4
show data for the production of tissues from explants derived
from 60444 and NASE 13, respectively, and Fig. 5 illustrates
caulogenesis from these explants in both cultivars. Pale yel-
low-colored non-morphogenic callus developed from the
basal, cut end of the petiole and to a lesser extend from the

foliose tissue, starting after approximately 5 d of culture on
MS2 medium containing 2.0 pM mT. Production of non-
morphogenic callus continued over the 5-wk culture period
with 90 to 100% of explants producing such callus in both
cultivars across all the constructs and controls (Tables 3 and
4). A more complex response was seen for the production
of compact green nodular tissue and foliose tissues (Figs. 3
and 4). In cultivar 60444, transgenic lines expressing Vvi-
GRF4-GIF1 formed these tissues at up to 53% and 78%,
respectively, versus 12% and 3% for the GFP-only control. In
contrast, production of green morphogenic tissues was lower
at only 14% and 7% from explants derived from plants trans-
genic for the Arabidopsis ortholog, AtGRF4-GIF1. Trans-
genic plants of cultivar 60444 expressing AtGRF5 generated
values only slightly elevated from GFP and non-transgenic
controls (Table 3). Significantly superior production of green
morphogenic tissue was observed from cultivar NASE 13.
Transgenic lines expressing VviGRF4-GIF1 in this vari-
ety formed foliose tissues at up to 78% versus 4% for the
GFP control. Production of green nodular and foliose tis-
sues occurred at 30% and 21% from explants transgenic for
AtGRF4-GIF1 and at 70% and 63% for explants expressing
AtGRFS (Table 4).

Shoot regeneration only occurred in transgenic lines
which produced compact green nodular and foliose tissues,
with between one and four shoots produced per responding

Figure. 3 Structures and organs regenerated from Manihot esculenta
Crantz leaf-petiole explants of cultivar 60444 after culture on MS2
medium supplemented with 2.0 pM meta-topolin. (a) Initial explant
excised from micropropagated mother plant. (b) Response of GFP
control: Non-morphogenic callus developing from basal, cut end of
the petiole, assessed as a visual quantitative score of 3 (0-5 scale).
No further morphogenic response is observed from these tissues.

(c—e) Response of GRF-GIF-expressing tissues: (¢) compact green
nodular tissue developing from basal end of the leaf-petiole explant,
(d) development of foliose tissues with putative bud-like structures,
and (e) regeneration of a fully formed shoot from the basal end of the
leaf-petiole explant after 30-d culture. (f) Root regeneration from the
basal end of the leaf-petiole explant after 20-d culture.



GRF-GIF OVEREXPRESSION ENHANCES CASSAVA PLANT REGENERATION

Figure.4 Development timeline
of morphogenesis from Manihot
esculenta Crantz leaf-petiole
explants of cultivar NASE 13
after culture on MS2 medium
supplemented with 2.0 pM
meta-topolin. () Beginning of
nodular tissue development at 6
d after explanting. (b) Growth
of nodular tissue at 12 d after
explanting. (c¢) Shoot-like
development 18 d after explant-
ing. (d) Multiple shoot-like
structures developing 21 d after
explanting. (e) Shoot regenera-
tion 29 d after explanting. (f)
Large shoot ready for excision
and rooting 35 d after explant-
ing.

explant. Shoot regeneration first became visible during the
second week of culture on meta-topolin containing medium
with clearly defined and recoverable shoots observed within
4 wk. No shoot regeneration occurred from explants derived
from GFP controls or from non-transgenic plants of 60444
or NASE 13 over the 5-wk observation period. In cultivar
60444, expression of VviGRF4-GIF1 stimulated caulogene-
sis with shoot regeneration occurring from all five transgenic
lines and a maximum response of 37% seen from event 65-6.
No shoot regeneration was observed in tissues transgenic
for AtGRF4-GIF1 in 60444 while AtGRF5 stimulated only
low shoot regeneration up to 4.5% (Table 3; Fig. 5). NASE
13 displayed a significantly higher shoot regeneration than
60444 with all three morphogenic constructs stimulating
caulogenesis (Table 4; Fig. 5). In this cultivar, expression
of AtGRF5 resulted in the highest rates of shoot regeneration
at up to 46%. Again, VviGRF4-GIF1 was more effective at
stimulating caulogenesis than AftGRF4-GIF1 at 33% vs 13%,
respectively, with no shoots regenerated from three of the
five transgenic AtGRF4-GIF I lines (Table 4; Fig. 5).
Rhizogenesis was observed in all plant lines, generally
taking place within 15 d after explanting. Expression of

morphogenic genes did not enhance rhizogenesis with aver-
age group means not significantly different from the control.
In most cases, explants that produced roots did not regener-
ate shoots. The lowest rates of rhizogenesis were observed
from NASE 13 lines expressing AtGRF5, which also dis-
played the highest caulogenic potential (Table 4).

Stimulation of somatic embryo maturation The effect of
morphogenic gene expression on somatic embryo matura-
tion was assessed using OES derived from plants expressing
WiGRF4-GIF 1. OES, induced from immature leaf explants,
were placed on MS2 medium supplemented with 2.0 uM
mT, and the development of mature, green cotyledon-stage
embryos was assessed over a 10-d period. Figure 4 shows the
results for three different VviGRF4-GIFI-expressing lines
plus controls with an image illustrating the rapid maturity
of these embryos compared to the GFP-only control. By the
end of the 10-d observation period, VviGRF4-GIF I-express-
ing lines had developed significantly more cotyledon-stage
somatic embryos, and these lines were more mature and
approximately 1.5 times larger than those produced by the
control (Fig. 6).
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Table 3. Morphogenic response from leaf-petiole explants derived from Manihot esculenta Crantz transgenic plants of cultivar 60444 expressing

WiGRF4-GIF1, AtGRF4-GIF 1, or AtGRFS5

Plant line Callus Average callus  Average production Average produc- Average shoot  Average root
production amount (0 to 5)* green nodular tissue tion foliose tissues  regeneration regeneration
(%) (%) (%) (%) (%)
NT 98 21+0.2 53+42 1.3+1.2 0.0 9.6+5.5
GFP 100 2.0+0.6 12.6+3.1 26+25 0.0 9.0+£52
WiGRF4/GIFI® 65-1 100 2.0+0.2 64.6+15.5 443+40 243+3.8 48+23
65-2 99 25+0.2 56.6+5.0 433+8.5 14.6 +4.5% 6.6+11.5
65-4 95 2.6+0.1 653+7.6 38.6+12.1 26.0+12.5 33+£58
65-5 94 1.8+0.4 72.0+13.5 53.3+2.5% 21.6+29 51+£5.0
65-6 95 25+0.3 78.6+16.8 433+8.5 31.6£4.7* 122492
AtGRF4/GIFI° 88-2 92 1.2+0.2 14.0+£6.9 3.6+1.2 0.0 1.3+0.1
88-4 93 1.4+0.2 12.0+£3.0 38+19 0.0 7.0+£4.6
88-6 94 1.3+0.1 83+35 6.8+4.8 0.0 22420
88-7 92 1.2+0.1 73+£23 19+1.6 0.0 10.6+£11.0
88-9 99 1.3+0.1 7.0+4.6 0.0 0.0 3.0£26
AtGRF5* 89-1 100 2.0+0.1 20.1+10.0 0.0 0.0 53+40
89-2 100 1.6+0.4 19.3+£4.0 6.0+£3.6 08+14 53+£50
89-3 100 21+04 21.6+£29 5345 1.0+£1.7 1.8+£1.6
89-4 99 2.0+0.6 19.0£8.5 8.6+2.3 1.6+£29 33+£58
89-5 100 23+0.2 29.0£8.5 6.1+7.9 0.0 7.8+£5.0

Leaf-petioles explants of plant lines known to express VviGRF4-GIF1, AtGRF4-GIF1, or AtGRF5 were excised and placed on MS2 supple-
mented with 2 uM mT, cultured for 5 wk, and assessed for production of tissues and organs. Response is averaged from three replicas with 40

explants each+SD

#Average callus size is a subjective visual score where 0 equates to absence of callus, 1 to minimal callus, and 5 to abundant callus growth reach-

ing 1 cm in diameter

SGFP control, NT non-transgenic 60444 control, 65 are independent transgenic plant lines expressing VviGRF4-GIF1

°GFP control, NT non-transgenic 60444 control, 88 are independent transgenic plant lines expressing AtGRF4-GIF 1

4GFP control, NT non-transgenic 60444 control, 89 are independent transgenic plant lines expressing AtIGRFS

°Root means are not significantly different from control means, p <0.05
“Significantly different from group mean, p <0.05

Growth and development of transgenic plants in the green-
house Transgenic plants from cultivar 60444 expressing
WiGRF4-GIF1, AtGRF4-GIF1, AtGRF5, and GFP-only
were established in soil and grown under greenhouse con-
ditions to assess effects of morphogenic gene overexpression
on whole plants. All plant lines were robust and survived
transfer to soil at the same rates. After 14 wk of growth
in the greenhouse, plants were harvested and plant height,
number of nodes, stem fresh weight, leaf area, and storage
root number fresh weight were determined from five biologi-
cal replicates (Table 5). Plants transgenic for GRF4-GIF1
were on average shorter than the GFP control with plants
expressing VviGRF4-GIF and AtGRF4-GIF1 and developed
broader leaves that resulted in an increased leaf area at lev-
els significantly different in lines 65-1, 65-2, 65-5, 65-6,
88—4, and 88-7 compared to controls (Table 5). AtGRF5-
expressing plant lines were similar to the GFP control in
height but showed a moderate increase in storage root weight
in three out of five transgenic lines. Event 89-5 developed

@ Springer

significantly more storage root mass, representing an average
gain of 16% compared to the GFP control.

Discussion

The current study reported here that overexpression of
GRF4-GIF1I and GRF5 stimulates morphogenesis in cas-
sava. The initial intent was to employ these morphogenic
transcription factors to stimulate shoot regeneration from
various explants, such as cotyledons from somatic embryos.
However, T-DNA transfer to these tissues remained too inef-
ficient to proceed. Agrobacterium-mediated transforma-
tion of FEC tissues is well documented in cassava and was
therefore utilized to study the effects of these morphogenic
transcription factors on the recovery of transgenic tissue
and plants in this species. Transformation of the varieties
60444 and NASE 13 clearly showed that expression of these
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Table 4. Organogenesis from leaf-petiole explants derived from Manihot esculenta Crantz transgenic plants of cultivar NASE 13 expressing
WiGRF4-GIF1, AtGRF4-GIF1, or AtGRF5

Plant line Callus Average callus Average production  Average production Average shoot  Average root
production % amount green nodular tissue  foliose tissues (%)  regeneration regeneration
(0 to 5)* (%) (%) (%)°
NT 100 2.7+0.1 16.0+£5.0 2.0+0.5 0.0 45435
GFP 100 2.0+0.1 13.5+4.0 40+25 0.0 35+2.1
ViGRF4/GIF1® 65-3 100 1.73+0.2 57.5+24 47.5+24 17.5+10.6 0.0
65-5 100 2.6+03 62.0+7.1 41.0+14 13.5+2.1% 1.0+1.4
65-6 100 1.95+0.1 88.5+2.1 78.5+2.1% 33.5+12.0% 7.0+0.5
65-8 94 1.28+0.4 68.5+4.9 30.0+7.1 235+2.1 0.0
65-9 100 1.93+0.1 545+35 41.0+4.1 17.5+3.5 10+£1.0
AtGRF4/GIFI° 88-1 100 1.2+02 16.0+£12.0 60+14 0.0 35.0+49
88-2 100 1.4+02 30.0+7.1 7.0+7.1 0.0 25+3.5
88-3 100 1.3+0.1 12.5+£3.5 35+21 0.0 6.0+14
88-4 95 1.2+0.1 27.5+£3.5 21.0£1.4* 13.5+£2.1% 1.0£14
88-6 100 1.3+0.1 17.5+£3.5 85+2.1 1.0£14 0.0
AtGRF5¢ 89-1 100 2.0+0.1 70.0£7.1 63.5+£9.2% 46.5+2.1* 6.5+49
89-7 100 1.6+0.4 37.0+7.1 17.0+£7.1* 5.0+£0.5% 0.0
89-8 100 2.1+£04 70.0£17.0 60.0 £24.0* 45.0+£14.0* 0.0
89-9 100 2.0+£0.6 64.5+17.7 61.0+£19.0* 39.0£12.7* 0.0
89-10 100 23+02 61.0+12.7 27.5+10.6% 0.0 0.0

Leaf-petioles explants of plant lines known to express VviGRF4-GIF1, AtGRF4-GIF1, or AtGRF5 were excised and placed on MS2 supple-
mented with 2 uM mT, cultured for 5 wk, and assessed for production of tissues and organs. Response is averaged from three replicas with 40
explants each+SD

#Average callus size is a subjective visual score where 0 equates to absence of callus, 1 to minimal callus, and 5 to abundant callus growth reach-

ing 1 cm in diameter

SGFP control, NT non-transgenic NASE 13, 65 are independent transgenic plant lines expressing VviGRF4-GIF1
°NASE 13, 88 are independent transgenic plant lines expressing AtGRF4-GIF 1

4GFP control, NT non-transgenic NASE 13, 89 are independent transgenic plant lines expressing AtGRFS

°Root means are not significantly different from control means, p <0.05

“Significantly different from group mean, p <0.05

genes had no effect, beneficial or detrimental, on efficiency
of the transformation process or on regeneration of somatic
embryos and plants. A lack of effect during the recovery

Shoot regeneration %

Caulogenesis in 60444 leaf-petiole explants

Controls

Figure. 5 Caulogenesis in Manihot esculenta Crantz leaf-petioles
expressing GRF genes. Average response from leaf-petioles explants
after 4 wk culture on MS2 medium supplemented with 2.0 pM meta-
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of embryogenic tissues is perhaps not surprising and could
be related to gene function since meristem formation and
proliferation for which these genes are known to function
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topolin. Response is averaged from three replicas with 40 explants
each; bars represent mean standard error. *Significantly different
from group mean, p <0.05.




SEGATTO ET AL.

45

3.5

w

25

N

1.

- o

0.

Matured cotyledon-stage embryos

Figure. 6 Stimulation of somatic embryo maturation from organized
embryogenic structures in Manihot esculenta Crantz cultivar 60444
after culture on MS2 medium supplemented with 2.0 pM meta-topo-
lin for 14 d. (@) Average number of embryos that matured to green
cotyledon-stage per organized embryogenic structure (OES) frag-

were not occurring. Positive effects were expected, how-
ever, during the stages of somatic embryo maturation and
germination when meristem formation does occur and foli-
ose cotyledon tissues are being produced. Indeed, this lack

*
*
I *
GFP NT 65-3 65-4 65-6

ment. (b) Maturation of somatic embryos from GFP-only control. (c)
Development of many mature, green cotyledon-stage embryos from
OES expressing VviGRF4-GIF 1. Bars represent mean standard error.
*Significantly different, p <0.05.

of response across several hundred regeneration events in
60444 and NASE 13 contrasts with the significantly acceler-
ated development and maturation, which was subsequently
observed from somatic embryos derived from transgenic

Table 5. Plant growth of Manihot esculenta Crantz cultivar 60444 expressing morphogenic genes in the greenhouse 14 wk after planting

Plant line Height (cm) Leaf area (cm?) Average num- Average stem  Average num-  Average storage root
ber of nodes  weight (g) ber of roots fresh weight per plant
(9]

NT 64.5+3.5 110.2+9.4 31.2 31.5+25 34 71.5+6.6
GFP 63.2+3.4 122.7+6.7 37.0 33.1+1.8 3.6 84.5+12.1
WiGRF4-GIF1 65-1 59.6+4.6 178.8+12.0° 30.8 27.1x2.2 4.8 69.1+£16.0

65-2 59.9+£2.0 177.8+26.1° 329 28.5+1.8 43 71.7+£15.6

654 56.6+2.4" 158.8+12.4 314 27.8+2.5 4.2 80.0+9.8

65-5 52.8+2.3P 199.2+17.2¢ 32.6 272+1.4 5.0 73.9+14.7

65-6 54.4+3.3° 203.8+27.4¢ 33.1 26.7+2.6 4.1 80.9+3.8
AtGRF4-GIF1 88-2 60.8+3.3 156.5+25.0 37.0 26.6+1.9 2.5 779+10.2

884 56.4+2.44 190.3 +8.7° 34.8 262+1.4 4.8 95.8+14.3

88-6 57.6+2.3 109.1+9.5 37.8 30.6+2.4 3.2 55.0+7.0

88-7 58.9+2.0 166.7 +8.57 359 262+2.2 2.8 62.5+8.0

88-9 61.4+1.8 158.6+8.1 35.0 31.4+2.1 3.8 89.5+13.3
AtGRF5 89-1 65.6+2.4 155.1+12.4 39.4 35.5+39 3.2 75.2+15.1

89-2 69.7+3.0 121.7£18.2 375 340+1.3 2.6 543+19.0

89-3 63.8+1.4 160.6 +22.1 40.2 29.3+3.0 34 90.7+£13.8

894 63.9+1.2 145.8+14.0 36.2 33.1x1.1 34 9531142

89-5 61.0+1.4 133.0+£22.4 34.6 30.2+2.3 4.0 106.2+15.2°

Cassava plants expressing morphogenic genes and GFP-only control were established in soil and grown in the greenhouse for 14 wk. Results

shown are averages from five biological replicas + SD

abedDifferent letters in the column are significantly different from the controls, p <0.05
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plants expressing VviGRF4-GIF1 (Fig. 6). This result also
contrasts with the positive effects seen when GRF-GIF
were overexpressed in beet and citrus. In these species,
non-embryogenic tissues were targeted for transgenic over-
expression, perhaps explaining the gain in transformation
efficiency seen in these species. Regarding regeneration,
similarities are seen between organogenesis in citrus epi-
cotyls expressing GRF-GIF (Debernardi, et al. 2020) and
cassava petioles with stimulation of de novo meristems in
these stem-like explants.

The current authors previously reported regeneration
of transgenic plants in cultivar NASE 13 (Narayanan et al.
2021) but did not describe the process or efficiencies for this
Ugandan, farmer-preferred variety. As expected, NASE 13
responded at lower efficiencies at all stages of transforma-
tion and plant regeneration compared to 60444 but at levels
which were still effective for recovery of transgenic plant
lines. Data reported here reveals two stages where efforts
should be focused to improve the transformation process for
this cultivar. T-DNA transfer to the FEC target tissue is rela-
tively efficient, especially when the LBA4404 THY- strain is
used (Supplementary Table 2), but initiation of cell division
from these transient events occurs at very low frequencies,
thus constraining recovery of callus tissue that can then be
cultured to regenerate plants. Likewise, germination of the
matured cotyledon-stage embryos in NASE 13 is not opti-
mal, occurring at 30% compared to 70% in 60444 and requir-
ing an extra 50 to 70 d for recovery of shoots compared
to the latter. Focusing research efforts on stimulating cell
division and germination would likely result in enhanced
efficiencies for recovery of transgenic and genome-edited
events from transgenic FEC and generate knowledge appli-
cable and valuable for improving these processes in addi-
tional cassava varieties.

RT-qPCR analysis confirmed expression of GRF4-GIF]
and GRFYS in all transgenic plants tested, although at vary-
ing levels (Fig. 2). Three explant types were evaluated for
their response to culture on MS2 medium supplemented
with 2.0 pM meta-topolin as this cytokinin was previously

reported to stimulate organogenesis in cassava cultivars
(Chauhan and Taylor 2018). Data generated in the present
study confirmed that petioles with leaf tissue attached are
the most responsive for production of morphogenic tissues
and shoot regeneration (Supplementary Table 3). The supe-
rior organogenic potential of leaf-petioles could be due to
an interaction between the cytokinin in the growth medium
and naturally occurring auxins in the leaf since young leaves
are known to be a primary origin of auxin (Taiz and Zeiger
1998).

Investigations using leaf-petiole explants derived from
plants transgenic for GRF4-GIF1 and GRF5 indicated a sig-
nificant difference in morphogenic potential between gene
constructs and cultivars. For cultivar 60444, transgenic
lines tested expressing Vitis-derived GRF4-GIF1 regener-
ated shoots at 20 to 30% while no response was observed
from plants expressing Arabidopsis-derived GRF4-GIF 1 and
very low levels of shoot regeneration for ArGRF5 (Fig. 5).
This variance could be due to several reasons, such as amino
acid sequence similarity, with VviGRF4 protein sequence
being 78.26% similar to the Manihot esculenta GRF4 while
AtGRF4 is 56.91% similar. Post-transcriptional regulation
(Filipowicz et al. 2008; Furlan et al. 2021), ectopic expres-
sion (Siefers et al. 2009; Kerr et al. 2018), or functional
orthologs (Das et al. 2016) could also play a role. It is worth
noting that GRF4 can be post-transcriptionally downregu-
lated by microRNA396 while GRF5 cannot since the latter
does not possess the binding site for microRNA396 (Kim
and Tsukaya 2015). Interestingly for cultivar NASE 13
AtGRF5 had the best morphogenesis potential with three
lines regenerating shoots at 40 to 50%, which outperformed
WiGRF4-GIFI in leaf-petiole organogenesis. In this more
recalcitrant cultivar, all morphogenic constructs stimulated
fast shoot regeneration.

Chauhan and Taylor (2018) reported the production of
compact green nodular tissues produced when leaf-petiole
explants were cultured on MS2 containing meta-topolin and
that shoots could be regenerated from these tissues after a
series of sequential subcultures over a period of 9 to 10 wk.

Figure. 7 Plant height difference in Manihot esculenta Crantz lines
expressing morphogenic genes grown in the greenhouse. Images cho-
sen to be representative of the mean difference among constructs. (a)

GFP control and VviGRF4-GIF1. (b) GFP control and AtGRF4-GIF 1.
(c) GFP control and AtGRFS5.
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In the present work, shoot regeneration was achieved from
the compact green nodular tissue expressing GRF/GIF1 and
GFRS at a higher frequency and much faster with rapid dif-
ferentiation of foliose tissues and plantlets as soon as 3 wk
culture on meta-topolin containing medium (Supplementary
Fig. 1). It is postulated therefore that expression of GRF
genes is enhancing caulogenesis and proliferation of the
shoot meristems from these tissues.

Plants of cultivar 60444, transgenics for GRF4-GIFI and
GRF35, were established in soil and grown in the greenhouse
to assess the effects on whole plant development. Cassava
plant lines overexpressing GRF4-GIF1 were shorter than the
other transgenics and control (Table 5; Fig. 7), and six out of
ten lines showed significantly increased leaf area compared
to the control (Table 5). This is not an unexpected result as
GIF1 is a known positive regulator of cell proliferation in
leaves and flowers (Lee et al. 2009; Rodriguez et al. 2010;
Debernardi et al. 2014). Increased leaf area did not result
in increased productivity in terms of storage root weight,
but this may have been due to the relatively small pots used
and short growing period of 14 wk in this study. Plants
expressing GRF5 did have superior root weight with one
line being significantly different from controls with a gain of
16% fresh weight (Table 5). Longer cultivation time in larger
pots is therefore recommended to better reveal interesting
agronomic characteristics resulting from overexpression of
GRF4-GIFI and GRF5.

This study has shown that overexpression of heterolo-
gous GRF4-GIF1I and GRF5 genes can stimulate morpho-
genesis and shoot regeneration in cassava explants with
different rates of regeneration seen between 60444 and
NASE 13. It is encouraging that NASE 13 responds with
greater caulogenic potential than 60444, indicating that
alternative morphogenic pathways could be utilized to
enable regeneration across cassava varieties. While use
of these genes did not enhance rates of transgenic plant
regeneration from FEC tissues, the present authors do
consider that the data presented indicates that they have
potential to do so in other tissues and could be valuable
tools for the recovery of transgenic and gene-edited plants
in cassava. Further work should focus on delivery to non-
embryogenic tissues and assessing the use of different pro-
moters and arrangements of the GRF and GIF genes to
stimulate caulogenesis in non-totipotent tissues.
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