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Abstract

Key message Microwounding pre-treatment facilitates agroinfiltration and transient gene expression in hard-to-
agroinfiltrate citrus varieties.

Abstract Agrobacterium infiltration is a widely used method for transient expression studies in plants, but this method is not
used extensively in citrus because of its low efficiency. In this study, we developed an easy, cheap, and reliable agroinfiltra-
tion method for transient gene expression in citrus. A microneedle roller was used to create microscopic wounds in the leaf
epidermis to facilitate agroinfiltration. Several optimization parameters were explored in this study, including the density
of wounds per cm? of abaxial leaf area, the leaf maturity grade, the effect of the Agrobacterium strain, and the length of
the incubation period. Increasing the density of wounds on the leaf surface had a positive effect on transient expression.
Higher transient expression levels were observed in well-expanded young leaves in comparison with older leaves. The
Agrobacterium strain GV2260 was the most suitable to express a large amount of recombinant protein, and an eight- to ten-
day incubation period resulted in the highest expression. Endoplasmic reticulum and cytoskeleton-targeted GFP were both
successfully localized, confirming that this protocol can be used for protein subcellular localization in citrus. Finally, up to
100 ng of GFP per milligram of agroinfiltrated leaf tissue was estimated to be expressed using this method. This protocol
was tested for GFP expression in five different citrus varieties with no significant statistical differences among them. This
simple and easy method can speed up functional genomic studies in citrus and may be applied to other recalcitrant species
with extensive epidermal cuticular wax.

Keywords Citrus agroinfiltration - Microneedle roller - Transient gene expression

Introduction

Citrus is among the most cultivated fruit crops in tropical
and subtropical regions. Due to a devastating disease (Huan-
glongbing, HLB) caused by a phloem-restricted pathogen
(Candidatus Liberibacter asiaticus, CLas), citrus produc-
tion has been affected in many regions around the world. In
the USA alone, the annual production of sweet orange has
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decreased from almost 13 million tons in 2000 to about 4
million tons in 2018 (NASS/USDA 2019).

Transient gene expression in plants has allowed the study
of protein functions involved in important agronomic traits
like pathogen defense and abiotic stress tolerance. Several
protocols for stable genetic transformation from mature and
juvenile citrus explants have been developed using Agro-
bacterium tumefaciens (Cervera et al. 2005; Orbovic and
Grosser 2006; Wu et al. 2015). Most recently, a biolistic-
mediated transformation method was developed (Wu et al.
2016, 2019). Nevertheless, transgenic citrus production is
a time- and labor-intensive procedure that can be particu-
larly inefficient for some important citrus varieties which
are recalcitrant to tissue culture and agrobacterium-mediated
transformation.

Transient gene expression through agroinfiltration rep-
resents a cost-effective procedure for studying gene func-
tion when transgenic plants prove difficult to produce.
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Although agroinfiltration induces the expression of
defense-related genes, this procedure is widely used in
plants to study gene function. In citrus, transient gene
expression is achieved through several approaches includ-
ing polyethylene glycol (PEG)-mediated transformation of
protoplasts and particle bombardment of leaves.

Transient gene expression can eliminate many limita-
tions inherent to the transgenic citrus production method
such as the low transgenic regeneration efficiency and
laborious tissue culture procedures. Citrus has been con-
sidered very recalcitrant to transient gene expression
through agroinfiltration, therefore this procedure has
only been used in a limited number of citrus varieties.
In grapefruit (Citrus paradisi), agroinfiltration allowed
the characterization of genes involved in hypersensitive
response and their subcellular localization in chloroplasts
(Figueiredo et al. 2011). A Xanthomonas citri subsp. citri
pre-treatment before agroinfiltration facilitated transient
protein expression in different citrus varieties (Jia and
Wang 2014). The main limitation of this protocol is that it
requires the use of a microorganism which is pathogenic
in citrus, which could also induce undesirable alterations
in the agroinfiltrated tissue.

Recently, an efficient biolistic transformation method
was developed for transient gene expression in citrus
leaves (Levy et al. 2018; Acanda et al. 2019) using a hand-
held gene gun device. This procedure works well for a
wide variety of citrus, but it is very expensive and is not
easily available in many laboratories.

Microneedle rollers are routinely employed to deliver
therapeutic solutions in humans by creating micron-sized
pores in the skin to facilitate infusion (Hussein et al. 2020).
Microneedle arrays have also been fabricated to penetrate
plant tissues for precise delivery of agrochemicals into the
vascular tissue to treat plant systemic pathogens (Figue-
iredo et al. 2011). Recently, micromilled needles were
also used to deliver agrichemicals to vascular bundles in
citrus (Kundu et al. 2019). The microneedles can increase
the plant uptake of a therapeutic amount of Zinkicide™
up to 7.5-fold. We applied a similar tool (DERMAROLL,
commercialized by Prosper Beauty; Hussein et al. 2020)
to create microwounds in the epidermis of the citrus leaf
to facilitate the infiltration of Agrobacterium cells and
improve transient gene expression.

In this work, we describe a simple, cheap, efficient,
and reliable method for transient gene expression in cit-
rus leaves through microneedle-facilitated agroinfiltration.
This protocol can be successfully applied for functional
genomic, protein—protein interaction and subcellular
localization of foreign proteins expressed in different cit-
rus varieties without the need to produce transgenic citrus
plants.
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Materials and methods

Plant material, Agrobacterium strains and plasmid
constructs

The plants used in this study were 6-month-old seedlings
of ‘Carrizo’ citrange (Citrus sinensis Osb. x Poncirus tri-
foliata L. Raf.), Citrus macrophylla, ‘Duncan’ grapefruit
(C. paradisi), ‘Pineapple’ sweet orange and ‘Sugar Belle’
(Sweet Clementine x Minneola Tangelo), maintained
under greenhouse conditions at the Citrus Research and
Education Center (Lake Alfred, FL). Production of trans-
genic ‘Duncan’ grapefruit plants overexpressing Histone-
CFP was previously described (Levy et al. 2018).

The GFPhdel coding region, containing the second
intron (IV2) of the potato ST-LS1 gene, was PCR-ampli-
fied from the pTLAB21 plasmid (Orbovi¢ et al. 2007) and
assembled under the control of the CaMV 35S promoter
and the NOS terminator into the pCR-blunt cloning vector.
The 35S-GFPhdel-NOS expression cassette was then Xbal/
HindIII-excised and inserted into pCAMBIA2301, which
contains kanamycin selection and GUS reporter genes, to
generate the vector PCAMBIA2301:GFPhdel encoding for
endoplasmic reticulum-targeted GFP. Another construc-
tion, pSITE-UtrCH-GFP (Levy et al. 2015), was used
to target the actin cytoskeleton. The UtrCH-GFP binds
to actin through the calponin-binding domain of utro-
phin (UtrCH), a probe reported to mark F-actin without
altering the balance of actin assembly/disassembly. Plas-
mids were transferred to three different electro-competent
Agrobacterium strains (EHA105, AGL1 and GV2260) for
agroinfiltration in citrus leaves.

Microneedle wounding and agroinfiltration in citrus
leaves

Prior to agroinfiltration experiments, a single colony of
each Agrobacterium strain was inoculated in 20 ml of LB
medium supplemented with 20 uM acetosyringone (AS)
(5-dimethoxy-4-hydroxyaceto-phenone) and the respective
antibiotics. The cultures were incubated overnight on an
orbital shaker at 250 rpm at 28 °C and then centrifugated
at 5000 rpm for 5 min. The bacterial pellets were finally
resuspended in agroinfiltration medium (AIM) (4 g/l
Murashige and Tucker Medium (salts and vitamins), 4 g/1
sucrose, 20 mM MES, 5 mM MgCl,, 150 uM AS, 0.1% v/v
Plant Preservative Mixture (PPM), pH 5.3) to a final cell
density (ODgg) of 0.6 and activated with 1 h of shaking
at room temperature.

Well-expanded young citrus leaves (light green
color) were selected for agroinfiltration. After carefully
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cleaning the leaves with dish detergent and water, a 0.5-
mm microneedle roller was rolled over the abaxial surface
of the leaves to cause wounds in a density of 70 wounds/
cm? as shown in Fig. 1a, b. This tool is originally intended
to puncture the human epidermis during dermatological
procedures, and it is commercially available in different
materials and sizes.

The Agrobacterium suspension was then infiltrated into
the leaf using a 10-ml needleless syringe, with a rubber band
adapter as shown in Fig. 1c. Detached leaves were rinsed
with sterile DI water after agroinfiltration and placed in Petri
dishes containing AIM supplemented with 30 g/l sucrose
and solidified with 4 g/ Gelzan™ (CP Kelco, Atlanta, GA)
(Fig. 1d). The leaves were incubated under dark conditions
at room temperature for 6 to 8 days. Plants used for agroin-
filtration of attached leaves were covered with a plastic bag
after agroinfiltration to maintain high humidity and prevent
dehydration. The plants were kept in the greenhouse for
6-8 days.

Confocal microscopy

A small piece of leaf (approx. 0.2 cm?) was mounted on a
glass slide and a drop of water was used as the mounting
medium. GFP and CFP expression was visualized using
a Leica SP8 laser-scanning confocal microscope (Leica
Microsystems Inc., Buffalo Grove, IL) with a 488 nm
argon excitation laser for GFP and a near-UV diode
405 nm excitation laser for CFP. Emission signals of GFP
were detected at 500-530 nm and for CFP at 475-501 nm.
Chloroplast autofluorescence was visualized by excita-
tion at 488 nm and emission detection at 700 nm. Leica

Application Suite-LAS X (Leica Microsystems Inc.) was
used to collect z-stacks composed of optical sections with
1024 x 1024 resolution. Images were exported as TIFF
files to be analyzed using the ImageJ software with a cus-
tomized macro.

ImageJ macro to analyze GFP expression area
from confocal images

Data were collected from the confocal images using a
method which was modified from previously published
work (Zavaliev and Epel 2015). A simple for-loop was
written so that ImageJ would open images from their stor-
age directory, apply the functions detailed below, and col-
lect the data in an automated manner. The global scale was
set using a scale bar created with the LAS X software.
Each image was converted to an 8-bit format. Uneven
background material was corrected by applying the Sub-
tract Background function with a rolling ball radius of 50.
Noise was reduced by applying the Mean Filter function
with a radius of 2. The GFP-expressing tissue was sepa-
rated from the background using the Auto Local Thresh-
old function with the Bernsen algorithm and a radius of
15. Using the Set Measurements function, ImageJ was
instructed to measure the area of the region of interest,
defined by the threshold, in pixels. Using the Analyze Par-
ticles function, ImageJ was instructed to measure the area
of the threshold-defined fluorescent region in each image.
The area values were exported to Excel, where the area
of fluorescent pixels was divided by the total area of the
image in pixels to get percentage values.

Fig.1 Citrus leaf agroinfiltration procedure using a micronee-
dle roller. a, b Pre-application of the microneedle roller to produce
wounding on the surface of the abaxial side of the citrus leaf. ¢ A
rubber band adapter placed on a 10 ml needless syringe is used to
apply high pressure to the citrus leaf without causing physical dam-

age during agroinfiltration. d Agroinfiltrated leaves incubated for 6 to
10 days at RT on agar-solidified medium for transient gene expres-
sion. e GFP transient expression in citrus leaf cells 10 days after agro-
infiltration. f Agroinfiltration negative control (empty plasmid, pCam-
bia2301). Scale bar: 500 um in a—d, 60 um in e-f
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Histochemical GUS assay

The GUS assay was performed by incubating leaf disks in
GUS staining buffer (1 mM X-Gluc, 50 mM PBS pH 6.8,
20% v/v methanol, 1% v/v Triton X-100) for 24 h at room
temperature in the dark. Leaf disks were then bleached with
a solution of ethanol and acetone (4:1) for 48 h at 65 °C to
remove the chlorophyll.

Western blotting

A crude protein extract was prepared from 110 mg of agro-
infiltrated leaf tissue ground with liquid nitrogen and resus-
pended in 600 pl of 1X Laemmli Sample Buffer (Bio-Rad,
Hercules, CA) containing 0.1% w/v polyvinylpyrrolidone
and 2% v/v B-mercaptoethanol. The mixture was incubated
at 95 °C for 5 min and then centrifugated at maximum
speed in a countertop Eppendorf centrifuge for 10 min. The
supernatant was recovered and centrifuged again for 5 min
to eliminate cell debris and then stored at — 80 °C.

Twenty microliters of the crude protein extract were sepa-
rated by 12% SDS-PAGE and then transferred to a nitrocel-
lulose membrane. The membrane was blocked for 1 h at RT
in blocking buffer (1X TBST with 5% w/v nonfat dry milk)
and incubated for 2 h at RT with a primary rabbit monoclo-
nal anti-GFP antibody (1:1000 dilution in blocking buffer)
(Sigma, St. Louis, MO). After washing the membrane three
times for 10 min each in 1X TBST, it was incubated for
1.5 h at RT with a secondary goat anti-rabbit IgG conju-
gated to HRP (1:100 dilution in blocking buffer) (Invitrogen,
Carlsbad, CA). The membrane was then washed three times
for 10 min each in 1X TBST. Immediately after, 500 pl of
SuperSignal™ West Pico PLUS Chemiluminescent Sub-
strate (Thermo Scientific, Waltham, MA) was spread over
the membrane to visualize the peroxidase activity in a CL-
XPosure™ Film (Thermo Scientific). Films were exposed
to the membranes for 10 min.

To estimate the amount of GFP expressed in the agroin-
filtrated leaves, known amounts of recombinant GFP (4, 40,
400 and 4000 ng) (Novus Biologicals, CO) in 20 pl samples,
were used as standards in western blotting. Crude protein
extracts from 8-day incubation agroinfiltrated leaves were
prepared as described above and separated by 12% SDS-
PAGE. The gel was transferred to a nitrocellulose membrane
and the amount of expressed GFP was estimated in a western
blot.

Statistics
Statistical analysis of GFP-expressing areas from con-
focal images was performed using the SPSS Statistics

version 26 (IBM, Armonk, NY). Differences in the tis-
sue area (%) expressing GFP were analyzed using an
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independent-samples Kruskal-Wallis test at a significance
level of 0.05.

Results and discussion

The transference of T-DNA from Agrobacterium to plant
cells is a complex process that involves several plant- and
bacteria-encoded genes. Different factors, including plant
species, Agrobacterium strain, agroinfiltration medium, and
incubation conditions can affect transient gene expression in
plant cells. Here, we focused on enhancing the penetration
of the bacteria into the leaf tissues, by creating microwounds
on the leaf surface with a microneedle roller before agroin-
filtration (Fig. 1).

First, we determined if wounding with the microneedles
facilitates agroinfiltration and enhances gene expression
levels. C. macrophylla leaves were infiltrated with GV2260
Agrobacterium strain harboring the expression vector
pCAMBIA2301:GFPhdel, which encode for ER-localized
GFP, either with or without the microneedle wounding
(Fig. 1). Western blot analysis to detect GFP resulted in a
clear protein band when the microneedle roller was applied,
but no protein band appeared when a similar protocol, with-
out microneedle roller wounding, was applied (Fig. 2a).
Next, we determined if the number of wounds affects gene
expression levels. We compared rolling the microneedle
roller over the abaxial surface of the leaf in a single and
a double rolling session. A single pass with the roller pro-
duces wounds in a density of 70 wounds/cm?, while two
passes with the roller produce twice the number of wounds
(140 wounds/cm?). A larger amount of GFP was detected
on western blotting when the leaf surface was rolled twice,
indicating that number of wounds affected gene expression
(Fig. 2a). Indeed, confocal images showed that the highest
number of GFP-expressing cells was located surrounding
the wounds (Fig. 2b—g). Our results show that generating
microwounds on the surface of citrus leaves dramatically
increases agroinfiltration efficiency and that doubling the
number of wounds had a positive effect on the transient gene
expression. A third, higher density of wounds was also tested
but it caused too much damage on the leaf tissues, leading to
necrosis and bacterial overgrowth, affecting gene expression
(data not shown).

The leaf maturity grade was also found to affect GFP
transient expression. Western blot analysis determined that
agroinfiltration of well-expanded young leaves located near
the end of the branches produced higher transient expression
levels in comparison with agroinfiltration of older leaves
(Fig. 2a, lanes 5-6). Leaf age also affected transient expres-
sion in Theobroma cacao and Fragaria vesca, probably due
to physiological and physical differences between leaves of
different ages (Fister et al. 2016; Cui et al. 2017).
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Fig.2 Effect of the number of wounds and the leaf age on transient
GFP expression in C. macrophylla leaves. a Western blot to exam-
ine GFP expression 10 days after agroinfiltration with GV2260 car-
rying pCambia2301:GFPhdel vector. iBright™ protein ladder was
used for scale (Lane 1). A band of ~30 kDa corresponding to GFP is
detected when the microneedle roller is applied twice to produce 140
wounds/cm? (Lane 2, lower panel) or once to produce 70 wounds/
cm? (Lane 3, lower panel). GFP is not detected when the microneedle
roller is not applied (Lane 4, lower panel). A sample from a leaf agro-
infiltrated with the empty vector pCambia2301 was used as a nega-

Next, three different Agrobacterium strains (EHA105,
AGL1 and GV2260) harboring the expression vector
pCAMBIA2301:GFPhdel, were used to agroinfiltrate
detached, well-expanded young leaves of C. macrophylla.
Evaluation of the agroinfiltration efficiency of each strain
was conducted by western blot detection of GFP in the crude
protein extracts from the agroinfiltrated tissues ten days after
infiltration. The largest band of GFP was detected in the
western blot when GV2260 was used, and GV2260 was
selected as the most suitable strain for agroinfiltration in
citrus (Fig. 3a). EHA 105, a disarmed succinamopine strain
which is most frequently used to produce transgenic citrus,
was also successful for agroinfiltration but was less efficient
than GV2260. Mesophyll and epidermal cells expressing
GFP were also observed under the confocal microscope
8 days after agroinfiltration with each Agrobacterium strain
(Fig. 3b—e). The visualization of 12 sections of agroinfil-
trated leaves under the confocal microscope confirmed

tive control (Lane 5, lower panel). Agroinfiltration in well-expanded
young leaves allows better GFP expression than in old leaves
(Lanes 5 and 6, lower panel). The image above the western blot is
the Coomassie-stained sister gel. b—d GFP-expressing cells visual-
ized under the GFP channel (b, green) are mostly located around the
wounds (white arrows in ¢ and f). The merged channels for GFP and
chlorophyll are shown in d. No GFP-expressing cells are detected in
negative control agroinfiltrated leaf (pCambia2301, e—f) Scale bar:
500 um

that GV2260 is the most suitable strain to achieve transient
expression in citrus. The competence of GV2260 for tran-
sient expression was also confirmed in several citrus varie-
ties (see below). Another Agrobacterium strain commonly
used to produce transgenic citrus, AGL1, did not perform
well for agroinfiltration.

Although EHA105 and AGL1 are the most frequently
used Agrobacterium strains for sweet orange scion and
rootstock transformation, the effect of the Agrobacterium
strain on stable and transient transformation efficiency has
not been extensively studied in citrus. ‘Carrizo’ citrange
and grapefruit are very competent for transformation with
the highly virulent EHA101 strain (Orbovi¢ et al. 2007),
but sweet oranges are more competent with the EHA105
or AGL-1 strains for transformation (Orbovic and Grosser
2006).

To identify the optimal incubation period, detached
young leaves of ‘Duncan’ grapefruit, ‘Pineapple’ sweet

@ Springer
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Fig.3 GFP expression in C. macrophylla leaves which were infil-
trated with different Agrobacterium strains carrying pCambia
2301:GFPhdel plasmid. a Western blot of GFP expression (lower
panel) on leaf tissues agroinfiltrated with Agrobacterium strains
AGLI1, EHA105 and GV2260 (Lanes 2 — 4). iBright™ protein ladder
was used for scale (Lane 1). The same Agrobacterium strains carrying

orange and C. macrophylla were agroinfiltrated with
GV2260 Agrobacterium strain carrying the expression vec-
tor pPCAMBIA2301:GFPhdel. Leaf disks collected after 6-,
8- and 10-day incubation periods were analyzed under con-
focal microscope for GFP expression. A longer incubation
period significantly increased GFP transient expression in
all three citrus genotypes. Eight to ten days were necessary
to visualize GFP expression in about 20% of the agroinfil-
trated area, while up to 70% was observed at 10 days in C.
macrophylla (Fig. 4a). GUS assay and GFP western blot-
ting also confirmed that an 8- to 10-day incubation period is
necessary for gene expression in C. macrophylla (Fig. 4b, c).

To transfer T-DNA to a plant cell, Agrobacterium cells
need activation. Molecules involved in that activation come
from the wounded plant tissues and play a central role in
determining the competence of plant tissues for transforma-
tion. Usually, epicotyl explants from etiolated seedlings are
used to produce transgenic citrus plants. It is possible to
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the empty vector (EV) pCambia2301 were used as negative controls
for GFP western blotting (Lanes 5-7). The image above the western
blot is the Coomassie-stained sister gel. b—e: Confocal images of
GFP expression in leaves using AGL1 (b), EHA105 (c¢), and GV2260
(d). e A magnified image to show cell structure. Scale bars in b—
d =100 pm, scale bar in e=10 um

detect both transient and stable transformation events on epi-
cotyl segments 2 or 3 days after Agrobacterium inoculation.
In agroinfiltrated leaves, we were unable to detect any trans-
formation event (cells expressing GFP) during a 2- or 3-day
incubation period after agroinfiltration. It is well known that
plant tissues have different competencies for agrotransforma-
tion. Although both epicotyl and leaf tissue are suitable for
transient gene expression in citrus, a longer incubation time
is necessary for expression in leaf cells.

Wounding in plant tissues induces the release of mol-
ecules such as acetosyringone that can activate the transfer
of the T-DNA from Agrobacterium to the plant cell. Physi-
cal wounding such as a short vortex pre-treatment of the
explants with sand or aluminum borate whisker powder sig-
nificantly increased Agrobacterium-mediated transformation
in Jatropha curcas and Cucurbita moschata (Khemkladn-
goen et al. 2011; Nanasato et al. 2011). In citrus, the trans-
formation efficiency was also improved by a microwounding
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Fig.4 Dynamics of gene transient expression in citrus. a GFP-
expressing area (%) in ‘Duncan’ grapefruit (Dun), ‘Pineapple’ sweet
orange (PA) and C. macrophylla (Cmac) leaves after 6, 8 and 10 days
after agroinfiltration. b GUS-stained C. macrophylla leaf sections
incubated for 6, 8 and 10 days after infiltration with GV2260 Agro-
bacterium strain carrying pCambia2301:GFPhdel vector. This con-
struction also contains the gusA gene from the original pCambia2301.
¢ GFP western blot of C. macrophylla leaves incubated for 6, 8 and
10 days after agroinfiltration (Lanes 2-4). Lane 5: GV2260 with-
out plasmid as a negative control (C- 10d). iBright™ protein ladder
was used for scale (Lane 1). The image above the western blot is the
Coomassie-stained sister gel. Transient gene expression is highest
after an 8- to 10-day incubation period. Scale bar=2 mm

pre-treatment with sonication and vacuum-assisted Agrobac-
terium infiltration (Oliveira et al. 2009).

Next, we used this agroinfiltration protocol to visual-
ize cellular organelles in citrus. GFPhdel and UtrCH-GFP
were localized in the endoplasmic reticulum and the actin

filaments, respectively, in agroinfiltrated C. macrophylla
leaves (Fig. 5). The simplicity and affordability of this pro-
tocol make it an effective alternative to the gene gun to per-
form this kind of study in citrus.

Stable genetic transformation protocols are available
for several citrus varieties. Multiple factors, including the
citrus genotype, have been demonstrated to affect transfor-
mation efficiency. Some highly vigorous genotypes with a
very good morphogenesis potential, like Carrizo citrange,
are easier to transform than others that have shown recal-
citrance to tissue culture or have poor shoot regeneration
potential. To test whether transient gene expression is also
affected by the genotype, we used this agroinfiltration pro-
tocol for transient expression of GFP in five different citrus
genotypes. The analysis of 10 confocal images from dif-
ferent agroinfiltrated leaves from each genotype showed
no significant statistical differences in the percentages of
GFP-expressing areas (Fig. 6a), suggesting that the effec-
tiveness of this protocol is not affected by the genotype.
Finally, to estimate the amount of protein expressed with
this method, we compared the band intensity of agroinfil-
trated samples with recombinant GFP standards using a
western blot (Fig. 6b). We obtained approximately 100 ng
of GFP per milligram of fresh tissue in agroinfiltrated C.
macrophylla leaves.

In conclusion, we present a simple and efficient agro-
infiltration method for transient gene expression in citrus
that is applicable and reproducible in many varieties. With
the aid of a microneedle roller, we created a wounded sur-
face to facilitate agroinfiltration into the leaf tissues. This
protocol can be used to express a substantial amount of
foreign protein and study its subcellular localization in
citrus as an alternative to other more laborious and expen-
sive methods like particle bombardment and protoplast
transformation. The simplicity and efficacy of this method
also make it very convenient to be used for the validation
of plasmid constructions for genetic transformation, and
sgRNA targeting efficiency for CRISPR/Cas9 gene editing
in economically important citrus varieties. Moreover, this
simple method may be applied to help transformation in
other recalcitrant plants, especially those with extensive
epidermal cuticular wax, such as woody trees and monocot
species.
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Fig.6 GFP transient expression in different citrus genotypes.
a Area of GFP expression (%) in confocal images taken 8 days
after infiltration with GV2260 Agrobacterium strain carrying
pCambia2301:GFPhdel. No statistical difference was found among
the genotypes. Carrizo: ‘Carrizo’ citrange (C. sinensis x Poncirus
trifoliata), Cmac: C. macrophylla, Duncan: ‘Duncan’ grapefruit (C.
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