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Abstract

Key message We have defined the conditions for citrus transformations using glyphosate as selection agent. This
protocol results in high transformation rate and low incidence of chimeric shoots.

Abstract Glyphosate, the most widely used herbicide in the world, specifically inhibits 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS), an essential enzyme of the shikimate pathway. Various laboratory-generated or naturally evolved glypho-
sate-resistant EPSPS variants have been used to produce glyphosate-tolerant transgenic crops, enabling highly effective weed
control in agriculture. In this study, we explored the potential of using a citrus EPSPS variant that mimics the previously
reported Eleusine indica glyphosate-resistant TIPS (T102I4+P106S) mutant for selection of transgenic citrus plants in the
presence of glyphosate. We found that glyphosate did not suppress bud formation on ‘Duncan’ grapefruit seedling explants,
but inhibited non-transgenic bud outgrowth to produce shoots in a concentration-dependent manner. At certain concentra-
tions, glyphosate had dramatic effect on the transformation rate and the percentage of non-chimeric transgenic shoots in this
newly developed selection system. Specifically, at 0, 10, 20, and 50 pM of glyphosate, the citrus TIPS EPSPS-based selec-
tion resulted in transformation rates of 4.02, 5.04, 14.46, and 40.78%, respectively, and 6.41, 23.96, 42.94, and 40.17% of
non-chimeric transgenic shoots, respectively. These results indicate that the citrus TIPS EPSPS-glyphosate selection system
is highly efficient and can be used as an alternative to antibiotic-based selection methods in citrus genetic transformation.
Furthermore, the selection conditions defined in this study are expected to greatly facilitate the production of genetically
modified, market-friendly citrus plants, such as cisgenic and intragenic plants.

Keywords Citrus genetic transformation - Glyphosate - Selective agent - 5-enolpyruvylshikimate-3-phosphate synthase -
Transformation efficacy
Introduction

Within the last two decades, considerable progress has been
made in transgenic improvement of crop plants including
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tolerant or resistant to HLB is imperative for the survival of
citrus industry in many areas, and the transgenic technology
is expected to play a major role in this endeavor (NASEM
2018).

A large number of genes have been introduced into vari-
ous cultivars via Agrobacterium-mediated transformation
for improvement of different traits of citrus trees including
resistance to diseases (Fagoaga et al. 2001, 2006; Hao et al.
2016, 2017; Mondal et al. 2012; Zhang et al. 2010; Zou
et al. 2017), resistance to abiotic stress (Alvarez-Gerding
et al. 2015; Orbovié et al. 2017), flavor (Bachchu et al. 2011;
Koca et al. 2009), and flowering time (Sinn et al. 2020). In
these transgenic plants, the transfer DNA (T-DNA) regions
of the binary vectors carrying the genes of interest were sta-
bly inserted into the plants’ genomes. The T-DNA regions
included different selectable marker genes, which encode
proteins conferring resistance to specific antibiotics, such as
kanamycin, hygromycin, or the herbicide Basta.

The Escherichia coli phosphomannose isomerase
encoded by the manA gene has also been used as a selecta-
ble marker in citrus genetic transformation (Dutt et al. 2010;
Wau et al. 2019). This enzyme converts mannose phosphate
into fructose phosphate and thereby allows the growth of
plant tissue on medium supplemented only with mannose
that serves as benign selective agent. Another approach is
to use the green fluorescent protein (GFP) as a reporter that
allows visual identification of transgenic shoots, though a
large number of shoots that regenerated from the explants
will need to be screened (Ballester et al. 2010). Nevertheless,
the “foreign DNA” including the selectable marker genes
and the GFP reporter gene introduced into the transgenic
plants raises public concerns and reduces market accept-
ance of the resulting products. Thus, researchers are looking
for alternative ways to generate beneficial changes within
the genome while decreasing or completely eliminating the
presence of “foreign DNA” (Yau and Stewart 2013). For
instance, the Cre/loxP-mediated recombination system has
been used to excise part of the T-DNA inserted into the cit-
rus genome (Peng et al. 2015).

Another strategy to avoid “foreign DNA” is to use
genetic materials derived from the species itself or from
closely related sexually compatible species. This has led to
the development of two new technologies, cisgenesis and
intragenesis (Singh et al. 2015). Cisgenesis employs a com-
plete copy of a natural gene with its regulatory elements,
whereas intragenesis allows the use of new fusion genes
via rearrangements of functional genetic elements (Singh
et al. 2015). We have previously developed a T-DNA binary
vector using genetic materials derived from Citrus clem-
entina for production of intragenic citrus plants (An et al.
2013). However, identification of intragenic citrus plants
was conducted through PCR under non-selective conditions,
resulting in an extremely low efficiency (An et al. 2013).

@ Springer

A selection method based on citrus DNA sequences would
greatly facilitate this process.

The shikimate pathway enzyme 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) is the target of the most
widely used herbicide glyphosate (Steinrucken and Amr-
hein 1980). To use glyphosate in agriculture for effective
weed control, various glyphosate-resistant forms of EPSPS
have been identified via screening laboratory-generated or
naturally evolved glyphosate-tolerant microbes and plants.
Several glyphosate-resistant EPSPS variants have been suc-
cessfully employed to engineer transgenic crops resistant
to glyphosate (Funke et al. 2006; Padgette et al. 1995; Pol-
legioni et al. 2011). One such EPSPS variant was found in
naturally occurring glyphosate-resistant Eleusine indica and
carries a double amino acid substitution, T102I+P106S,
which was named the TIPS mutation (Yu et al. 2015). The
TIPS EPSPS has been used to generate the first generation
commercially successful glyphosate-tolerant transgenic corn
GAZ21 (Spencer et al. 2000).

The citrus genome encodes a single protein homolog of
EPSPS, which shares high amino acid identity with the E.
indica EPSPS. The two amino acids T102 and P106 of the
E. indica EPSPS are conserved in the citrus EPSPS. In this
study, we created a citrus TIPS EPSPS and found that it is
able to confer glyphosate tolerance in the model plant Arabi-
dopsis thaliana. We further discovered that glyphosate did
not hinder bud formation on ‘Duncan’ grapefruit seedling
explants, but drastically inhibited bud outgrowth. Impor-
tantly, the citrus TIPS EPSPS-based selection significantly
increased the transformation rate and the percentage of non-
chimeric transgenic shoots. This highly efficient citrus TIPS
EPSPS-glyphosate selection system can not only serve as an
alternative to antibiotic-based selection methods in citrus
genetic transformation, but also facilitate the production of
cisgenic and intragenic plants in citrus.

Materials and methods
Plant materials and growth conditions

The A. thaliana (L.) Heynh. ecotype Columbia (Col-0) was
used for genetic transformation. Col-0 seeds were sown
on autoclaved soil (Propagation Mix; Sun Gro Horticul-
ture, Agawam, MA) and cold-treated at 4 °C for 3 days.
After germination, plants were grown at ~23 °C under a
16-h-light/8-h-dark regime till flowering for transformation.
For citrus, seeds were extracted from ‘Duncan’ grapefruit
(Citrus X paradisi) fruit, surface- sterilized, and germinated
in dark for 5 weeks as previously described (Orbovi¢ and
Grosser 2015). Etiolated seedlings were exposed to white
light for a week and the hypocotyls were then cut into 1.5
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cm long segments as explants for glyphosate tolerance test
and genetic transformation.

Cloning and mutagenesis of the citrus EPSPS gene

Citrus sinensis total RNA was extracted using an RNeasy
Plant Mini Kit (QIAGEN Sciences Inc., Germantown, MD,
USA) following the manufacturer’s instructions. Reverse
transcription (RT) was performed as previously described
(Zhang et al. 2010). A pair of primers SacI-CsEPSPSF (C.
sinensis EPSPS) and Sall-CsEPSPS (Supplemental Table 1)
was used to amplify the coding region of the citrus EPSPS
from the total cDNA generated by RT. The PCR products
were digested with Sacl and Sall and then ligated into the
corresponding sites of pBluescript II SK(+), resulting in
pBluescript SK(+)-CsEPSPS. Site-directed mutagenesis of
T177 and P181, which correspond to the two amino acids
T102 and P106 of the E. indica EPSPS, was performed in
the pBluescript SK(+)-CsEPSPS construct using a PCR-
based QuickChange Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA, USA). The primers used
for the site-directed mutagenesis were CSEPSPS-MuF and
CsEPSPS-MuR (Supplemental Table 1). The presence of the
expected mutations in the resulting construct pBluescript
SK(+)-TIPS CsEPSPS was confirmed by DNA sequencing.

Glyphosate sensitivity assay of bud and shoot
formation on citrus explants

Roundup Super Concentrate (active ingredient: 50.2% or
1.38 M glyphosate) was diluted with dH,O to make a 0.5 M
stock solution of glyphosate. The solution was filter-steri-
lized and stored in aliquots at —20 °C. Aliquots of glyphosate
were thawed at room temperature and added to sterilized
and cooled (50 °C) Murashige and Skoog (MS) medium
(Murashige and Skoog 1962).

To determine the minimum inhibitory concentration of
glyphosate for bud and/or shoot formation, the explants were
incubated in liquid co-cultivation medium (Orbovi¢ and
Grosser 2015), dried on sterile napkin, and placed onto MS
medium supplemented with 5 mg/L of 6-benzylaminopurine
(BAP). After 7 days of incubation in the dark, the ends of the
explants were cut off (3-5 mm long) and placed with the cut
surface down into MS medium supplemented with 1 mg/L
of BAP and a series of concentrations of glyphosate rang-
ing from 0 to 10 uM. The plates were again incubated in the
dark for 7 days, and then brought into light. The buds and
shoots sprouting from the explants were counted after 6-—8
weeks. To estimate the biomass of the newly formed buds
and shoots, the surface area of the buds and shoots on the
explants exposed to different concentrations of glyphosate
was measured with the ImageJ software.

Plasmid construction and plant transformation

A T-DNA binary vector was built for delivery of the cit-
rus TIPS EPSPS gene into A. thaliana and citrus. Briefly,
the fragment of 2x35S promoter-polylinker-poly(A) signal
was excised from pCAMBIA1300S with HindIII and EcoRI
to replace the HindIII-EcoRI region in pBI101, resulting
in pZM235. Meanwhile, three pairs of primers, GFP cas-
setteF1 +R1, F2+R2, and F3 4+ R3 (Supplemental Table 1)
were used to amplify the prolD promoter, eGFP, and the
T35S terminator, respectively, from pK7WG2D, 1, result-
ing in three fragments with more than 20 bp overlaps. The
three PCR fragments were assembled into one fragment
via assembly PCR, which was then digested with HindIII
and inserted into the HindlIII site in pZM235, resulting in
pZM332 with the prolD promoter oriented in the opposite
direction of the 2x35S promoter. Finally, the TIPS CsEPSPS
gene was removed from pBluescript SK(+)-TIPS CsEPSPS
with Sacl and Sall and ligated into the corresponding sites of
pZM332, resulting in pZM332-TIPS CsEPSPS. This T-DNA
binary construct was mobilized into the Agrobacterium
strains GV3101(pMP90) and EHA 105 for transformation
of A. thaliana and citrus, respectively.

Transformation of A. thaliana plants was conducted fol-
lowing the floral dip protocol (Clough and Bent 1998). Cit-
rus transformation was performed as previously described
with glyphosate as the selective agent (Orbovi¢ and Grosser
2015). Agrobacterium strain EHA105 carrying the pZM332-
TIPS CsEPSPS plasmid was grown overnight in liquid YEP
medium containing 50 pug/mL of kanamycin and 50 ug/mL
of rifampicin on an orbital shaker at 28 °C and 220 rpm.
Bacterial cells were pelleted by centrifugation (10 min at
5000xg) and the optical density at 620 nm was adjusted to
0.6 by resuspension in liquid co-cultivation medium (CCM)
(MS salts and vitamins, 3 mg/L benzyladenine, 0.5 mg/L
2,4-D, 0.1 mg/L NAA, and 100 pM acetosyringone).

Seedling explants were incubated in the Agrobacterium
suspension for 1-2 min. The infected explants were blotted
dry on sterile filter paper and placed horizontally on solid
CCM (same as liquid CCM with the addition of 8 g/L agar).
Two days after co-incubation, the explants were transferred
onto regeneration medium (MS salts and vitamins, 3 mg/L
benzyladenine, 0.1 mg/L NAA, 333 pg/mL cefotaxime, 50
pg/mL kanamycin, 8 g/L. agar) supplemented with indicated
concentrations of glyphosate. The cultures were maintained
in a 16-h photoperiod for five weeks, with 45 pE/m?s illu-
mination and 60% relative humidity at 26 °C.

Statistical analysis
Statistical analyses were performed using the SAS software

(SAS Institute, Cary, NC, USA) and the one-way ANOVA in
Prism 7 (GraphPad Software, San Diego, CA, USA).
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Results

The citrus TIPS EPSPS confers glyphosate tolerance
in transgenic A. thaliana plants

To identify the citrus EPSPS, the E. indica EPSPS pro-
tein sequence was used as query for BLAST in Citrus
Genome Database (https://www.citrusgenomedb.org/).
A single homologous protein with 519 amino acids
(orange1.1t00227) was obtained. The citrus EPSPS
homolog shares 84% amino acid identity with the E. indica
EPSPS (Supplemental Figure 1). The highly conserved
region (> LFLGNAGTAMRPL!?) in the E. indica EPSPS
is identical with the amino acids between L.170 and L182
of the citrus EPSPS (Fig. 1A). To generate a citrus TIPS
EPSPS variant, the conserved amino acids T177 and P181
were substituted with isoleucine (I) and serine (S), respec-
tively, via PCR-based site-directed mutagenesis (Fig. 1B).
The resulting citrus T/PS EPSPS gene was cloned into a
newly built T-DNA binary vector pZM332.

We then tested whether the citrus TIPS EPSPS could
confer glyphosate tolerance in transgenic A. thali-
ana plants. To this end, the T-DNA binary construct

Fig. 1 The ability of the citrus A
TIPS EPSPS to provide glypho-
sate tolerance in A. thaliana. A
The highly conserved regions
in the E. indica and citrus (C.
sinensis) EPSPS proteins. The
conserved threonine (T) and
proline (P) residues are labeled
in bold. B The double substitu-
tions of the amino acids T177
and P181 isoleucine (I) and
serine (S) in the citrus TIPS
EPSPS. C Glyphosate tolerance
of transgenic A. thaliana plants
expressing the citrus TIPS
EPSPS. Ten-day-old seedlings
of five single insertion homozy-
gous transgenic lines (2—4, 3-2,
7-4, 264, and 35-2) expressing
the citrus TIPS EPSPS and the
non-transgenic wild-type Col-0
were sprayed with~0.27%
glyphosate. The photos were
taken 10 days later. Compared
with the wild-type Col-0, all
five transgenic lines exhibited
elevated levels of tolerance to
glyphosate. The experiment
was repeated three times with
similar results

@ Springer

E. indica EPSPS  %LFLGNAGTAMRPL '

| I
C. sinensis EPSPS OLFLGNAGTAMRPL 82

pZM332-TIPS CsEPSPS was introduced into the Agro-
bacterium strain GV3101(pMP90) and the resulting Agro-
bacteria were used to transform wild-type Col-0 plants.
Single T-DNA insertion lines were isolated in the T, gen-
eration and homozygous plants of these lines were identi-
fied in the T; generation. A total of five single insertion
homozygous lines (2-4, 3-2, 7-4, 26—4, and 35-2) were
obtained and tested for glyphosate tolerance. As shown
in Fig. 1C, compared with the wild-type Col-0, all five
transgenic lines exhibited elevated glyphosate tolerance,
though the tolerance levels varied, which might be attrib-
uted to different expression levels of TIPS CsEPSPS in the
transgenic lines. Nevertheless, this result indicated that the
citrus TIPS EPSPS is able to provide glyphosate tolerance
when ectopically expressed in A. thaliana plants.

Glyphosate suppresses non-transgenic shoot
formation on citrus explants

To use glyphosate as a selective agent in citrus genetic trans-
formation, bud and/or shoot formation on explants must be
sensitive to glyphosate. To test this possibility, slices of
hypocotyl explants (Supplemental Figure 2) were placed on
a series of concentrations of glyphosate ranging from 0 to

B C. sinensis
EPSPS ""OLFLGNAGTAMRPL'82

vy ¥
TIPS EPSPS "L FLGNAGIAMRSL 182
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10 uM. As shown in Supplemental Figure 3 and Fig. 2A,
the average number of buds and shoots that sprouted from
each explant varied from 4.48 +0.26 to 6.83 +0.38 with the
highest at 5 pM of glyphosate. However, the average num-
ber of shoots on each explant at 10 pM of glyphosate was
0.59+0.14, which is the lowest among all the concentra-
tions and is nearly fourfold lower than that (2.21 +0.19) on
plates without glyphosate (Fig. 2B). As the average number
of buds and shoots did not decrease in the presence of 10
pM glyphosate but the number of shoots dropped signifi-
cantly, the bud/shoot ratio went up more than twelvefold
from 1.08 +£0.29 on the control plates to 13.32+3.65 on
plates with 10 pM of glyphosate (Fig. 2C).
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Fig.2 The effect of glyphosate on bud and shoot formation on cit-
rus explants. A Average number of buds and shoots formed on each
explant on media with different concentrations of glyphosate. B Aver-
age number of shoots sprouting from each explant on the media with
different concentrations of glyphosate. C Bud to shoot ratios in the
presence of different concentrations of glyphosate. The experiment
was repeated three times and data from the three times were used
together for statistical analyses. In A and B, data represent the mean
of 66—120 explants with standard error (SE). Different letters above
the error bars indicate significant differences (P <0.05, Duncan’s
multiple range test). In C, bud to shoot ratios were calculated for
each plate, and data represent the mean of three to six plates with SE.
Different letters above the error bars indicate significant differences
(P<0.05, one-way ANOVA)

To estimate the effect of glyphosate on the biomass of the
newly formed buds and shoots, the surface area correspond-
ing to the buds and shoots that sprouted from each explant
was measured. Significant inhibitory effect of glyphosate on
the surface area was found at 2 pM and the inhibitory effect
was further enhanced as the glyphosate concentration went
up to 5 or 10 pM (Fig. 3A). At 1 pM or lower concentra-
tions, the surface area of buds and shoots on each explant
was ~90 mm?, whereas at 2, 5, and 10 pM of glyphosate,
the surface area decreased to 60.99 +12.30, 50.25+7.93,
and 26.41 +3.38 mm?, respectively. This decrease could, at
least partially, be attributed to the reduced number of shoots
on the explant (Fig. 3B-D). Taken together, these results
indicated that 10 pM of glyphosate could dramatically sup-
press shoot formation on the explants and suggested that 10
pM or higher concentrations of glyphosate would be needed
for transgenic shoot selection.

The citrus TIPS EPSPS confers glyphosate tolerance
in transgenic citrus shoots

Since 10 pM of glyphosate is required to suppress non-trans-
genic shoot formation on explants, we tested the efficacy of
glyphosate as a selective agent for Agrobacterium-mediated
citrus transformation using 10 pM and higher concentra-
tions of glyphosate. The T-DNA binary construct pZM332-
TIPS CsEPSPS was introduced into the Agrobacterium
strain EHA 105 and the resulting Agrobacteria were used to
transform ‘Duncan’ grapefruit seedling hypocotyl segments
(Orbovi¢ and Grosser 2015). Compared with that on control
plates without glyphosate, the average number of shoots on
each explant was significantly reduced on the plates sup-
plemented with glyphosate, regardless of the concentrations
(Figs. 4A, 5). On the other hand, the average percentage of
GFP positive (transgenic) shoots among the fully developed
shoots increased significantly as the glyphosate concentra-
tion went up (Fig. 4B). The pZM332-TIPS CsEPSPS con-
struct carries the GFP reporter cassette, prolD-eGFP-T35S,
in the T-DNA region, GFP fluorescence was thus used for
easy identification of transgenic shoots. The percentages of
GFP positive shoots at 0, 10, 20, and 50 pM of glyphosate
were 4.02, 5.04, 14.46, and 40.78%, respectively (Fig. 4B).
The transgenic shoots included chimeric and fully GFP fluo-
rescent ones (Fig. 5), and the fully fluorescent shoots were
considered non-chimeric transgenic shoots. In the presence
of 0, 10, 20, and 50 pM of glyphosate, the percentages of
non-chimeric transgenic shoots were 6.41, 23.96, 42.94, and
40.17%, respectively (Fig. 4C). Taken together, our results
not only demonstrated that the citrus TIPS EPSPS-glypho-
sate selection system is highly efficient for identification
of transgenic citrus shoots but also revealed the optimum
conditions for using this newly developed selection method.
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Fig.3 The effect of glyphosate on the biomass of newly formed
buds and shoots. A Average surface area of buds and shoots on each
explant on media with different concentrations of glyphosate. The
surface area of buds and shoots was used to estimate the biomass of
newly formed buds and shoots on the explant. The experiment was
repeated three times and data from the three times were used together
for statistical analysis. Average surface area of buds and shoots per

Discussion

In this study, we generated the citrus TIPS EPSPS variant
resembling the naturally evolved E. indica TIPS EPSPS
mutant that conferred high-level glyphosate resistance (Yu
et al. 2015). We demonstrated that the citrus TIPS EPSPS,
when combined with glyphosate as the selective agent, is
a valuable selectable marker in plant genetic transforma-
tion. Furthermore, we defined the optimum conditions for
identification of transgenic ‘Duncan’ grapefruit shoots using
the citrus TIPS EPSPS-glyphosate selection system. Addi-
tionally, the morphology of 1-year old transgenic ‘Duncan’
grapefruit plants generated with this method is similar to that
of the wild-type control (Supplemental Figure 4), suggesting
that the TIPS EPSPS transgene may not have adverse effects
on growth and development. Thus, our newly developed sys-
tem offers an alternative to antibiotic-based selection meth-
ods in citrus genetic transformation and provides a potential
tool for generation of cisgenic and intragenic plants in citrus.
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explant was calculated for each plate, and data represent the mean of
three to six plates with SE. Different letters above the error bars indi-
cate significant differences (P <0.05, one-way ANOVA). B A repre-
sentative plate with explants on medium with O pM of glyphosate. C
A representative plate with explants on medium with 5 pM of glypho-
sate. D A representative plate with explants on medium with 10 pM
of glyphosate. Scale bars on panels B, C, and D are 10 mm long

As the active ingredient of the herbicide Roundup,
glyphosate targets EPSPS whose activity is absolutely
required for the survival of plants. At micromolar concen-
trations, glyphosate did not negatively affect initiation of bud
morphogenesis from ‘Duncan’ grapefruit explants (Fig. 2A).
However, at concentrations higher than 10 pM, it strongly
inhibited the development of shoots (Figs. 2B, 4A). As a
result, the biomass or the surface area of buds and shoots
that sprouted from the explants decreased with the increased
levels of glyphosate in the medium (Fig. 3A). A previous
study with poplar cell cultures showed that glyphosate fully
inhibited bud morphogenesis in the millimolar range (Kli-
mazsewska and Cheliak 1987). However, as the concentra-
tions of glyphosate were lowered to micromolar levels, the
authors observed regeneration of buds and very short shoots
(Klimazsewska and Cheliak 1987). These observations are
consistent with our results.

With GFP as a reporter, we could easily identify trans-
genic shoots that regenerated from explants exposed to
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Fig.4 Identification of transgenic shoots using the citrus TIPS
EPSPS-glyphosate selection system. A After co-incubation with
Agrobacteria, average number of shoots formed on each explant on
media with different concentrations of glyphosate. B Transforma-
tion rates (transgenic shoots/total shoots) in the presence of different
concentrations of glyphosate. C Non-chimeric transgenic shoot rates
(non-chimeric transgenic shoots/total transgenic shoots) in the pres-
ence of different concentrations of glyphosate. The experiment was
repeated four times and data from the four times were used together
for statistical analyses. In A, data represent the mean of 419-912
explants with standard error (SE). Different letters above the error
bars indicate significant differences (P <0.05, Duncan’s multiple
range test). In B and C, transformation rates and non-chimeric trans-
genic shoot rates were calculated for each plate, and data represent
the mean of 21-48 plates with SE. Different letters above the error
bars indicate significant differences (P <0.05, one-way ANOVA)

various concentrations of glyphosate in the medium. Most
of the large, healthy shoots with several leaves found on the
plates with 20 and 50 pM of glyphosate were GFP posi-
tive and therefore tolerant to the chemical (Fig. 5). Some
smaller, underdeveloped shoots were also GFP positive, but
were found less frequently. Transformation rates of 14.46%
and 40.78% were obtained at 20 and 50 pM of glyphosate,
respectively, compared with 4.02% and 5.04% at 0 and 10
UM of the chemical, respectively (Fig. 4B). The transfor-
mation rate of 4.02% on the medium without glyphosate
appeared to be acceptable. However, only 6.41% of the
transgenic shoots produced in the absence of glyphosate
had GFP fluorescence in all tissues, which were potentially

non-chimeric transgenic shoots (Figs. 4C, 5). Consequently,
the rate of producing non-chimeric transgenic shoots without
glyphosate selection was ~0.26% (Fig. 4B, C). In contrast,
with 20 and 50 pM of glyphosate in the medium, the rates of
producing non-chimeric transgenic shoots were ~6.21 and
16.38%, respectively (Fig. 4B, C). In other words, among
100 shoots generated in the presence of 50 pM glyphosate,
about 16 could be non-chimeric transgenic shoots. Thus,
we recommend to use 20-50 pM of glyphosate in the selec-
tion medium if the T-DNA binary vector pZM332-TIPS
EPSPS is used for generation of transgenic citrus plants in
the future.

In this paper, we chose to calculate transformation rate
as a percentage of transgenic shoots in relation to the total
number of shoots that sprouted from explants (also used by
Ballester et al. 2010 and Peng et al. 2015) based on the fol-
lowing justification. While shoot morphogenesis is a neces-
sary condition for plant transformation, it is not the only one
(Song et al. 2019). Other conditions, such as Agrobacterium
attachment, activation of vir genes, proper movement and
entry of T-DNA into plant cells and nuclei, levels of expres-
sion of transformation-related host genes, and many oth-
ers, influence the transformation rate. Therefore, realized
capacity of explants’ cambial tissue for shoot morphogen-
esis indirectly affects transformation rate. Depending on the
protocol, seedling explants used for citrus transformation
will yield different numbers of shoots. As a result, different
amount of work would be required to identify transgenic
shoots. For example, 100 explants are used for transforma-
tion. About 400 shoots are generated with protocol #1, and
100 shoots are generated with protocol #2. There are 10
transgenic shoots in both cases. If the explant numbers are
used to calculate the transformation rate, there would be
no difference between the two protocols (10%). However, if
total shoot numbers are used, the rates for protocols #1 and
#2 would be 2.5 and 10%, respectively. Protocol #2 would
be a better one. Essentially, this is what happened for the
selection method reported in this manuscript.

Nevertheless, it is up to the researcher who does experi-
ments to pick the protocol and get lower or higher numbers
of shoots regenerated from explants. They may also choose
to express transformation efficiency/rate the way they prefer.
The method developed in this study decreases the number
of shoots regenerated from explants, which significantly
reduces the cost for identifying the same number of trans-
genic shoots. We calculate the rate in relation to the total
number of shoots regenerated from explants to reflect this
improvement.

The citrus TIPS EPSPS is potentially useful in cisgenesis
and intragenesis. In the current study, the 2x35S promoter
was used to drive the citrus TIPS EPSPS gene, which is not
allowed in cisgenesis and intragenesis. For cisgenesis, the
TIPS mutation will need to be introduced into the native
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Fig.5 Representative explants
and transgenic shoots on selec-
tive media. A Shoot formation
on medium without glyphosate
and a transgenic shoot with
chimeric GFP fluorescence. B
Shoot formation on medium
with 10 pM glyphosate and a
transgenic shoot with chimeric
GFP fluorescence. C Shoot for-
mation on medium with 20 pM
glyphosate and a transgenic
shoot with full GFP fluores-
cence. D Shoot formation on
medium with 50 pM glyphosate
and a transgenic shoot with full
GFP fluorescence
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citrus EPSPS gene and the complete copy of the gene includ-
ing its promoter and terminator will need to be used. As the
naturally occurring TIPS mutation in the E. indica genome
conferred high-level glyphosate resistance (Yu et al. 2015),
it can be expected that the expression level of the citrus
TIPS EPSPS gene driven by its native promoter would be
sufficient for providing glyphosate tolerance. For intragen-
esis, on the other hand, strong citrus promoters can be used
to drive the citrus TIPS EPSPS gene created in this study
and the resulting fusion gene could then be cloned into the
previously reported intragenic vector (An et al. 2013). It is
possible that the glyphosate concentration that was required
for suppression of non-transgenic shoots in this study will be
suitable for other citrus varieties. However, as the strength
of various promoters is different, selection conditions for
specific constructs will need to be optimized. In this regard,
the conditions defined for the citrus TIPS EPSPS-glyphosate
selection system in this study will be valuable for optimi-
zation of conditions for future generation of cisgenic and
intragenic plants in citrus.
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