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Abstract

Agrobacterium rhizogenes-mediated transformation is widely used in different species with various purposes. The devel-
opment of composite plants (wild-type shoot with transgenic roots) has been a milestone for functional characterization
of genes. Previously, composite plants were generated by two steps from inducing of hairy roots to growing in the growth
medium. Hairy roots were induced in an induction medium and the growth of composite plants generated were in another
different growth medium. The composite plants produced was subject to transplanting. Here, we describe an improved and
optimized protocol for generation of composite plant achieved by one-step in cucumber, which has not been reported previ-
ously in living plants. Incubation of explants post inoculation to induce transgenic roots and the growth of rooted explants
were in the same medium. The primary root of 5-day-old seedling was excised and the slant cut of residual hypocotyl with
1 cm length was inoculated with A. rhizogenes harboring the desired gene construct followed by directly planted into a pot
with wet sterile vermiculite. More than 90% of the infected seedlings can produce positive transgenic root. In addition, we
further used the one-step transformation protocol to analyze the function of Arabidopsis YAO promoter. The result indicated
that pYAO::GUS was highly conserved expression in whole root and high activity in the root tips. Therefore, a fast, expedi-
ent, high efficient, and one-step transformation method of composite cucumber produced is established, which is suitable
for promoter functional analysis and other root-related events.

Key message
A highly reliable, facile and one-step generation of composite cucumber plants (with transgenic roots and wild-type shoot)
protocol performed effectively in different genotypes cucumber using Agrobacterium rhizogenes-mediated transformation.

Keywords Agrobacterium rhizogenes - Cucumber (Cucumis sativus L.) - Transgenic roots - Composite plant - K599 - YAO
promoter

Introduction

Cucumber (Cucumis sativus L.) is an economically and
nutritionally important, and one of the top 5 vegetable crops
cultivated worldwide (Liu et al. 2011; Zhao et al. 2019).
In 2017, more than 83.8 million tons cucumbers (including
Editorial Responsibility: Maria Margarida Oliveira. gherkins) are globally produced. In 2016, gross production
value is 40,229 million US$ (FAO). However, cucumber
is high sensitive to low/high temperature, drought/water-
logging and salt stresses that cause significant reductions
in yields (Liu et al. 2013, 2010; Ma et al. 2018; Xu et al.
2017, 2018). In addition, a wide range of soilborne diseases
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constraints on cucumber production (Li and Chen 2017;
Liang et al. 2019; Liu et al. 2017). Although grafting of
cucumber plants onto cucurbitaceous rootstocks is an effi-
ciency way to improve abiotic/biotic stress, this technique
is labor-intensive (Xu et al. 2018). Genetic engineering is a
powerful and high efficient way to improve cucumber abi-
otic/biotic stress tolerance.

Cucumber has paid more attention as a model plant
for Cucurbitaceae family. Over the past decade, genomics
sequencing of cucumber has been completed (Huang et al.
2009). Furthermore, root-specific transcriptome, proteome,
EST (expressed sequence tags), large scale cDNA sequenc-
ing studies, GWAS (genome-wide association studies) in
cucumber have been completed and conducted (Du et al.
2010; Li et al. 2012; Ma et al. 2018; Qi et al. 2012; Wang
et al. 2018; Xu et al. 2017; Yuan et al. 2016; Zheng et al.
2019). Efficient transformation methods are the prerequisite
for the functional annotations of such numbers of candidate
genes and assist the development and improvement of elite
cucumber cultivars. However, the functions of most new
candidate genes have not been determined due to a lack of
efficient transformation method.

Cucumber is one of the recalcitrant species for transfor-
mation to obtain the transgenic plants by Agrobacterium
tumefaciens-mediated transformation (Nishibayashi et al.
1996). Additionally, it is time-consuming, laborious, and
too low efficient to be useful high throughput research. A.
rhizogenes-mediated hairy root transformation approach
overcomes and complements some shortcomings of the
genetic transformation method and offers a convenient alter-
native and rapid possibility for studying root biology. This
transformation method has been widely successfully applied
in more than 100 species (Christey 2001; Plasencia et al.
2016; Parks and Yordanov 2020). To date, although widely
used in a variety of dicotyledonous species, including sev-
eral monocots, there has been still no report on generation
of composite cucumber plants (with transgenic roots and
non-transgenic shoot) in living plants. In previous report,
such as in tomato (Ho-Plagaro et al. 2018), soybean (Kereszt
et al. 2007), pea (Clemow et al. 2011), composite plants
were generated by two steps from inducing of hairy roots
to growing in the growth medium. The hairy roots were
induced in a medium and then composite plant produced was
transplanted to another different growth medium. Here, we
reported a fast, simple, high efficient and one-step generation
of composite cucumber plants by A. rhizogenes-mediated
transformation. Incubation of explants post inoculation to
induce transgenic roots and the continuous growth of rooted
explants were in the same growth medium. We minimizes
the transfer of composite plant to different media and plant
manipulation and simplify the method considerably with
high transformation efficiency. Furthermore, we applied
the transformation method to analyze the expression of
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Arabidopsis YAO promoter (Li et al. 2010; Yan et al. 2015)
to drive the GUS (B-Glucuronidase) reporter gene in cucum-
ber root. The results show that the expression pattern of the
YAO in cucumber roots is very similar to that of YAO in
Arabidopsis roots. Therefore, a rapid and more simple trans-
formation method of composite cucumber generated was
established, which applies for promoter functional analysis
and other root biology research.

Materials and methods
Plant materials and growth conditions

Cucumber (Cucumis sativus L.) seeds ‘Chinese long’ inbred
line 9930 (genome sequenced) (Huang et al. 2009), and local
varieties H3 and Jinyan4 were kept in our lab and surface-
sterilized in a 70% ethanol solution for 3 min and then in
a containing active sodium hypochlorite 1.2% commercial
bleach solution for 5 min, washed five times with sterile dis-
tilled water. The sterilized seeds were sown into a pot with
sterile wet vermiculite (11.6 cmX 8 cm X 9.5 cm) (watered
0.25 X Gamborg B-5 basal medium) at a depth of 0.5-1 cm.
Gamborg B-5 basal medium was purchased in powder form
from PhytoTechnology Laboratories (Shawnee Mission, KS,
USA). Plants were grown in a growth chamber at 24 +2 °C
under a 16-h-light/8-h-dark cycle under 80-120 pmol m™
s~!, approximately 70% relative humidity.

Construction of pRed1305 and YAO
promoter::GUS vectors, and A. rhizogenes strains

The pRed1305 vector (Fig. 1a) containing a DsRed?2 reporter
gene driven by constitutively active CaMV 35S promoter
was constructed by replacing the Hygromycin Phospho-
transferase Il resistance marker with the DsRed?2 reporter
gene in pPCAMBIA1305.1. The DsRed?2 reporter gene pro-
vide the option to identify positive transgenic root from a
composite plant based on the fluorescence of DsRed2. To
create the pRed1305 vector, the DsRed2 was amplified by
PCR using a forward primer RedS1 (5'- CAAGTCGAC
ATGGCCTCCTCCGAGAACGT -3') and a reverse primer
RedS2 (5'- CAAGTCGACCTACAGGAACAGGTGGTGG
-3") using pHairyRed (Addgene Catalog #No0.69709) as a
template. The forward and reverse primers contain a Sall
restriction site, respectively (restriction sites underlined
in the primer sequences). The PCR product was digested
with Sall and cloned into the dephosphorylated X#ol site of
the pPCAMBIA1305.1 vector. PCR and enzyme cut analy-
sis were performed to determine DsRed?2 inserted into the
pCAMBIA1305 vector in the forward orientation. For the
pYAO::GUS construct, termed pYGUS1305 (Fig. 1b), a
688 bp YAO promoter fragment (— 587 to + 101 bp) was
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tain Kpnl and Ncol restriction sites, respectively (restriction
sites underlined in the primer sequences). The PCR fragment
was digested and cloned into the Kpnl and Ncol sites of the
pCAMBIA1305 vector, where placed YAO promoter to drive
the expression of the GUSPlus gene. The pRed1305 and
pYGUS1305 vectors were confirmed by sequencing. The
binary vector pRed1305 and pYGUS1305 were introduced
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into A. rhizogenes strain K599 (NCPPB2659; carrying
pRi2659 Ri plasmid) (Wang et al. 2016) and ARqual via
electroporation, respectively. To get fresh cells, A. rhizo-
genes strain harboring the desired gene construct (from
glycerol stock) was streaked directly onto LB agar plates
containing 50 mg/l kanamycin and 50 mg/I streptomycin
and incubated for 2 days at 28 °C. A single colony was re-
suspended into 1 ml of liquid LB medium (supplemented
with antibiotics, 28 °C/200 rpm). After that, the overnight
200 pl of the fresh culture A. rhizogenes was spread onto the
surface of LB solid plate (supplemented with antibiotics)
and incubated at 28 °C overnight.
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One-step A. rhizogenes-mediated root
transformation and generation of cucumber
composite plants

In the one-step protocol, the primary root was excised from
healthy seedlings using a pair of sterile scissors (Fig. 2a).
Five-day-old seedlings (the ideal transformation age; the
seedlings with just emergence out of vermiculite is marked
as 0 day; about 11 days after sowing; the younger seed-
lings with lower survival rates) with just emergence of
the first true leaf (Fig. 2a) were infected on the hypocotyl
with A. rhizogenes strain K599 carrying the desired gene
construct. The apical portion of the hypocotyl was cut
diagonally (0.5 cm cut) with a sterile scalpel in the liquid
of A. rhizogenes (ODgy, =~ 0.6-1.0) (Fig. 2b). The slant cut
of residual hypocotyl was scraped on the plate grown A.
rhizogenes 3-5 times and the bacterial mass was observed
in the slant cut (Fig. 2c) followed by directly planted into a
pot with wet sterile vermiculite (Fig. 2d). The slanting cut
can increase the surface area for optimum bacterial con-
tact. The double inoculation with A. rhizogenes on cut can
increase the possibility of bacteria infection. The explants
inoculated were cultured under high humidity (covering
with a transparent sterile plastic bag or a plastic dome)
conditions (Fig. 2d). Key steps of the protocol is shown in
Fig. 2. The explants inoculated do not need to water during
the following 2 weeks. After 2 weeks, the hairy roots pro-
duced. The plastic bag was perforated artificially or adjust
ventilation holes of dome to decrease slowly the humid-
ity in order to make the composite plants with transgenic
roots can well adapt to environment. After 2-3 days, the
plastic bag or dome was removed (Fig. 2e). The composite
plants were regularly checked for maintaining water and
humidity. Gamborg B-5 basal medium at quarter strength
(0.25 x) was used for watering the seedlings. The induc-
tion of hairy roots and growth of composite plant were
performed as the previous described in the section of plant
materials and growth conditions in this paper.

Fig.2 a Schematic representation of the one-step transformation
method of cucumber composite plant produced by cutting the hypoc-
otyl. The primary roots of 5-day-old seedlings were excised using a
pair of sterile scissors. b The hypocotyl was cut diagonally (0.5 cm
cut) with a sterile scalpel in the liquid of A. rhizogenes. ¢ The cut
of residual hypocotyl is scraped on the plate grown A. rhizogenes. d
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Histochemical GUS staining, DNA extraction
and PCR (polymerase chain reaction) analysis

To determine the transgenic and non-transgenic roots,
DsRed?2 fluorescence and PCR analysis were performed.
DsRed?2 fluorescence was detected according to Lin et al.
(2011). The independent roots transformed were subject
to DNA isolation for PCR analysis. Genomic DNA was
extracted from each independent root transformed accord-
ing to the method described previously (McCouch et al.
1988). PCR amplification was carried out in a 20 pl reac-
tion volume containing 2 pl of 10 X PCR buffer, 1.2 ul of
dNTPs (10 mmol 171, 0.3 ul of each primer (10 umol 17,
50 ng of DNA template, 1.0 U of Tag DNA polymerase.
PCR assay was performed to amplify the DsRed2. The for-
ward primer RedS1 and reverse primer RedS2 were used.
The PCR reaction program was conducted as published
previously (Lii et al. 2010). In YAO promoter activity analy-
sis, B-Glucuronidase (GUS) activity was assayed by using
X-gluc (5-bromo-4-chloro-3-indolyl-fB-p-glucuronide) as
a substrate according to the protocol previously described
with some modifications (Jefferson et al. 1987). The trans-
formed roots were stained in GUS staining solution, which
contained 100 mM sodium phosphate at pH 7.0, 0.1% Triton
X-100, 1 mg/ml X-Gluc, 1 mM potassium ferricyanide, and
1 mM potassium ferrocyanide at 37 °C for 2—10 h. After
GUS staining, the samples were rinsed in a 70% ethanol for
10-20 min.

Fluorescent observation

The DsRed fluorescence of cucumber plants was detected
using Tanon-5200Multi machine (Tanon Co., Ltd., China)
with excitation at 540 nm, emission at 600 nm.

d e

The hairy roots are induced in growth medium (vermiculite) and high
humidity is maintained by covering a plastic dome. e The cucumber
composite plant with transgenic roots is generated and continue to
grow in growth medium without transplanting. The orange roots rep-
resent transgenic roots and blue ones represent non-transgenic roots.
(Color figure online)
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Data analysis

Transformation efficiency was calculated at 21 dpi (days
post-inoculation; inoculation date is marked as 0 day). A
plant is statistical to be transgenic composite plant as long as
it presents at least one transgenic root. Both DsRed2 strong
red fluorescence and PCR-positive root was determined as
transgenic root. The transformation efficiency is a propor-
tion of numbers of transgenic composite plants compared
to total numbers of plants infected. Each experiment was
a biological replicate and repeated three times. Data were
analyzed using Microsoft office Excel 2016 and Data Pro-
cessing System (DPS) statistical software. The averages and
standard deviations were calculated.

Results

An optimized method for generation
of cucumber composite plants by A.
rhizogenes-mediated transformation

To obtain cucumber composite plants by A. rhizogenes-
mediated root transformation, we first used the most widely
applied A. rhizogenes K599 and ARqual strains to infect
cucumber. However, ARqual strain are insufficient to infect
the cucumber. Transformation efficiency is 0%. By com-
parison, K599 strains are sufficient to infect cucumber.
Hence, K599 was used in all subsequent experiments. In
the one-step transformation method by cutting the hypoco-
tyl (Fig. 3a—e), the primary root of seedling was removed
and the slant cut of residual hypocotyl was inoculated
(Fig. 3a—c) followed by planted in the sterile wet vermiculite
(Fig. 3d). All inoculated explants initiated to produce roots
at approximately 12 dpi and developed completely rooting
process about 21 dpi. The Fig. 3e indicates that an exam-
ple of cucumber composite plant generated at 21 dpi. The
composite plants produced can directly continue to grow
in the vermiculite without subjecting to transplanting post-
inoculation. In order to determine the optimal transforma-
tion protocol, we tested the effects of residual length of the
hypocotyl, three different genotypes, and seedling age on
transformation efficiency.

To assess the effect of different length of the residual
hypocotyl on transformation efficiency, 0.5 cm, 1.0 cm, 1.5
cm and 2.0 cm residual hypocotyl were maintained. The
results indicated that the numbers of positive roots from
each seedlings varied from 2.82+1.08 to 3.38 +1.57 but
there were no significant difference regardless of the length
of the residual hypocotyl (Table 1). The 1.0 cm residual
hypocotyl displayed the highest transformation efficiency at
95% contrasting to 1.5 cm residual hypocotyl did the low-
est at 86.67% (Table 1). To evaluate the effect of different

Fig.3 Agrobacterium rhizogenes-mediated root transformation of
cucumber achieved by one-step. a Five days old healthy seedlings. b
The apical portion of the hypocotyl was cut diagonally (0.5 cm cut)
in the liquid of K599 harboring the desired gene construct. ¢ A slant
cut of the residual hypocotyl was scraped and inoculated on the plate
grown A. rhizogenes K599 harboring the desired gene construct. Note
the bacterial mass coated in the slant cut. d Explant inoculated was
directly planted into a pot with wet sterile vermiculite. e An example
of composite plant induced at 21 dpi. Bars=1 cm

cucumber genotypes on transformation efficiency, three dif-
ferent genotypes were determined. All cucumber genotypes
can be infected successfully by K599. While the total num-
bers of the roots induced were significantly different among
different genotypes (Table 2). As for H3, the total numbers
of roots induced from the wound and the positive roots were
7.17+2.26 and 3.02 + 1.83, respectively. The transformation
efficiency was the highest at 95% (Table 2). Both the total
numbers of roots and positive roots induced in genotype H3
were significantly different from the other two genotypes.
The genotype H3 indicated the highest transformation effi-
ciency compared to Jinyan4 and 9930. In contrast, the total
numbers of positive roots was the lowest at 1.95+1.17 in
genotype 9930 (Table 2). Although both the Jinyan4 and
9930 displayed a little lower transformation efficiency
compared with H3, both can reach up to 90% (Table 2).
There was no significant difference between the numbers
of positive roots between Jinyan4 and 9930 (Table 2). In
the three genotypes tested, the percentage of transgenic
roots from the total roots per seedling ranged from 32.23
to 43.61% (Table 2). To analyze the effect seedlings age
on the transformation efficiency, 5 d-, 7 d-, 9 d-, 11d-old
seedlings were used for transformation. The results indicated

@ Springer



212

Plant Cell, Tissue and Organ Culture (PCTOC) (2020) 141:207-216

Fig.4 Screening of co-trans-
formed roots expressing the
DsRed? report gene in a com-
posite cucumber plant. a Roots
of composite cucumber plant
were visualized with a stereomi-
croscope under bright light at
21 dpi. b Strong fluorescence of
DsRed?2 were visualized in the
co-transformed roots, absence
of DsRed2 in non-transformed
roots. Bars=1 cm

678bp—C R

Fig.5 Validation of transgenic or non- transgenic roots by PCR. Lane
1, amplification of DsRed?2 gene from K599-harboring pRed1305 as a
positive control. Lane 2-8, different independent transgenic root from
DsRed2-positive root; Lane 9, DsRed2-negative root inoculated with
K599 carrying pRed1305. Lane 10, non-transgenic root inoculated
with K599 as negative control. Lane 11, ddH,O used as a template.

Table 1 Comparison of co-transformed efficiency of different length
of the residual hypocotyl

Different length of the Positive roots (per Transforma-

that the numbers of positive roots did not differ significantly
for 5-11 days old seedlings but with some distinct differ-
ences on transformation efficiency (Table 3). The numbers
of positive roots ranged from 2.77 +1.77 to 3.10+2.24. The
transformation efficiency decreased with the increase of the
seedlings age ranging from 95 to 81.67% (Table 3). In all
analysis, the co-transformed roots were identified based on
strong DsRed2 fluorescence (Fig. 4) and PCR analysis from
each independent transformed roots (Fig. 5). DsRed?2 fluo-
rescence was not observed in non-transgenic roots, which
is consistent with that of PCR analysis. The PCR detec-
tion indicated positive roots, the DsRed2 fluorescence were
observed, and vice versa (Figs. 4, 5).

Application of one-step transformation by cutting

residual hypocotyl seedling) tion efficiency the hypocotyl to promoter activity analysis

0.5cm 2.82+1.08* 93.33%

1.0 cm 3.02+1.834 95.00% To evaluate that transgenic roots by A. rhizogenes-mediated
1.5 cm 3.33+1.62% 86.67% transformation were suitable for studying the promoter activi-
2.0cm 3.38+1.574 90.00% ties of gene involved in root development, we used the one-

Seven days old seedlings H3 were used. Letter A represented no sig-
nificant difference at the p=0.01 value given. Values are mean +SD
for three independent replicates (n=20).

step generation of composite plant method to study the pro-
moter activities of YAO (Li et al. 2010) in cucumber roots.
We produced independent transgenic root lines expressing the
reporter gene GUS under the control of the YAO promoter.

Table 2 Comparison of

. Different genotype Total roots from the Positive roots Positive roots/total roots  Transfor-
C(.)—transformed efficiency of wound site (per seedling) (per seedling, %) mation
different genotypes (per seedling) efficiency
H3 7.17 £2.264 3.02+1.83* 42.12 95.00%
9930 6.05+2.018 1.95+1.178 32.23 90.00%
Jinyan4 4.93+1.93€ 2.15+1.228 43.61 90.00%

Seven days old seedlings with 1 cm length of the residual hypocotyl were used. p < 0.01. Letter A, B
and C represented by different letters are very significantly different at the p=0.01 value given. Values are
mean + SD for three independent replicates (n=20).
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Table 3 Comparison of co-transformed efficiency of different seed-
lings age

Seedling age Positive roots Transforma-
(per seedling) tion efficiency

5d 2.77+1.77% 95.00%

7d 3.02+1.834 95.00%

9d 3.07+1.824 83.33%

11d 3.10£2.24% 81.67%

H3 with 1 cm length of the residual hypocotyl were used. The data is
statistical at 21 dpi. Letter A represented no significant difference at
the p=0.01 value given. Values are mean +SD for three independent
replicates (n=20).

Fig.6 Histochemical localization of GUS activity in cucumber roots
transformed with pYGUS1305. The arrow indicates strong GUS
activity in the cucumber root tips. Bar =1 cm

pYAO::GUS is expressed in whole root and strong GUS
activity was observed in the cucumber root tips (Fig. 6). The
expression pattern of YAO in cucumber root is very similar
to that of YAO in Arabidopsis (Li et al. 2010). Therefore, we
show that the Arabidopsis YAO gene is conserved expressed
in cucumber roots.

Discussion

A fast, simple, high efficient and one-step
generation of composite cucumber plants

with transgenic roots by A. rhizogenes-mediated
transformation

It takes 2.5-6 months to obtain cucumber stable genetic
transgenic plants by traditional A. tumefaciens-mediated
transformation, which is time-consuming, recalcitrant
nature and not efficient enough to allow the high-through-
put for functional genomic research (Nishibayashi et al.
1996; Zheng et al. 2019). In previous report, to increase
the regeneration ratio of transgenic cucumber seedlings,
transgenic roots were induced from cucumber hypocotyl
using A. rhizogenes in vitro and were used as explants for
plantlet regeneration to obtain stable and genetic trans-
genic plants (Kodama et al. 1993; Trulson et al. 1986).
However, it is long transgenic period, labor-intensive and
low efficient. The development of composite plants with
transgenic roots and wild-type shoot has been a milestone
for rapidly assess gene expression and function involved
in root biology and improvement of elite species character
(Boisson-Dernier et al. 2001). Although transgenic roots
were induced from cucumber hypocotyl in vitro using
A. rhizogenes (Kodama et al. 1993; Trulson et al. 1986),
until this report, there has not been reported on genera-
tion of cucumber composite plants in living plants by A.
rhizogenes-mediated transformation. Previously, the vitro
produced transgenic roots lacking of aerial organs (shoot)
removed from tissue cultures media will be stop growing
and can not be suitable for analyzing the root to shoot
communication in the field of plant hormones, RNAs and
proteins because it is absence of systemic signaling pat-
terns. Here, we present a rapid, simple and high efficiency
generation of cucumber composite plants with transgenic
roots and wild-type shoot by A. rhizogenes-mediated trans-
formation. In our protocol, one-step generation of compos-
ite plants can be completed about 1 month with shorter
transformation period and higher efficiency.

In previous study, it needs two-steps that the compos-
ite plants can grow in the growth medium after inocula-
tion and producing the hairy roots no matter stabbing the
hypocotyl inoculation (Kereszt et al. 2007; Meng et al.
2019; Plasencia et al. 2016) or cutting the radical or the
primary root inoculation (Boisson-Dernier et al. 2001;
Collier et al. 2005). In the most widely inoculation proto-
col by stabbing the hypocotyl (Kereszt et al. 2007; Meng
et al. 2019; Plasencia et al. 2016), the hairy roots were
induced in living plant, followed by the primary root of
seedlings was cut off and the composite plants were trans-
planted into the growth medium (Boisson-Dernier et al.
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2001; Collier et al. 2005). In the other most widely used
inoculation protocol by cutting the primary root or radical,
the hairy roots were induced on agar slopes or in rockwool
(Fibgro cube) post-inoculated with A. rhizogenes. In the
following steps, to detach the hairy roots from the agar or
rockwool (Fibgro cube) with taking care without breaking
roots and to transplant the composite plants into growth
medium (Boisson-Dernier et al. 2001; Collier et al. 2005;
Ilina et al. 2012), it is labor-intensive and time-consuming.
Ho-Pléagaro et al. (2018) made some modifications in the
latter protocol. The seedlings was placed between the filter
paper to avoid the induced hairy roots growing into the
agar. However, no matter the former or the latter modified
protocol, two steps are required for the composite plants
that can grow in the growth medium. In our protocol, the
transgenic roots were induced in the growth medium and
do not need to be transplanted and can directly grow in
the growth medium. It is only one-step generation of com-
posite plants from inoculation to growing in the growth
medium. We minimize the transfer of composite plant to
different media and plant manipulation and considerably
simplify the method.

In our one-step protocol, for obtaining optimal conditions,
we studied the effects of residual length of the hypocotyl,
three different genotypes, and seedling age on transformation
efficiency. The results indicated that the numbers of positive
transgenic roots did not differ significantly for 0.5 cm, 1.0
cm, 1.5 cm and 2 cm length residual hypocotyl and 5 d-, 7
d-, 9 d-, 11 d-old seedlings age (Tables 1, 3). This indicated
that hairy roots can be induced on a various length residual
hypocotyl and wide span seedling age. However, there are
some distinct differences on transformation efficiency among
different length residual hypocotyl as well as among differ-
ent seedlings age (Tables 1, 3). Five days old and seven days
old seedlings with 1 cm length residual hypocotyl produced
the highest transformation efficiency with 95% (Tables 1,
3). Therefore, for a little shorter transformation period,
5-day-old seedling with 1 cm length residual hypocotyl was
suitable for transformation optimal conditions. In all tested
genotypes, high transformation efficiency was found ranging
from 90 to 95% and the numbers of positive roots indicated
a little difference. In some species, such as in chickpea, the
transformation efficiency indicated from 23.51 to 61.61%
among seven different cultivars (Aggarwal et al. 2018). In
soybean, transformation efficiency varied from 30 to 93.3
among seven different genotypes (Cao et al. 2009). Taken
together, these data indicated that different genotypes led
to different transformation efficiency in different species.
Anyway, in cucumber, all genotypes tested can be obtained
high transformation efficiency (more than 90%) although
H3 genotype is optimal for transformation among the three
genotypes tested (Table 2). In addition, in this study, the
transformation efficiency is remarkable difference with
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different A. rhizogenes strains. There were not transformed
roots obtained at all with ARqual. In contrast, K599 led to
transformation efficiency can reach up to 95%. This is in
consistent with previous report, transformation efficiency
was variable depending on different A. rhizogenes strains.
For example, in pea (Pisum sativum), A. rhizogenes AR12
was less efficient than strain AR1193 (Clemow et al. 2011).
In Eucalyptus, ARqual results in transformation efficiency of
only 4% and A4 does that of 0%, whereas A4RS ranges from
62% in average to reaching up to 75% depending on the plant
material and the infection protocol (Plasencia et al. 2016). In
Phaseolus spp., transformation efficiency is 75-90% when
cultivars and landraces of Phaseolus spp. were infected with
K599, while A4, A15834, A8194 and A2659 are completely
ineffective or induce hairy roots only in certain genotypes
(Estrada-Navarrete et al. 2007). Therefore, for a given plant
species, it needs to screen for a compatible and high effi-
ciency A. rhizogenes strains because co-transformation effi-
ciency were various with different A. rhizogenes strains.

In both previous and our one-step protocol, the hairy roots
induced by A. rhizogenes included both transformed and
wild type. Non-transformed roots (don’t need to be removed)
can serve as a good control for the wild-type phenotype
compared with the transformed roots in a composite plant,
especially for optimized protocol for functional genomics
analyses of candidate genes in root-microbe interactions,
such as nematodes, plant-pathogens interaction.

Application of transformation method to study
promoter function

So far, A. rhizogenes-mediated hairy root transformation
has already been widely applied for many purposes, such
as nodulation, mycorrhization, interactions of plants with
nematodes or pathogens, drought, salt stress, root nutrient
uptake, hormone transport and rooting of recalcitrant species
(Cao et al. 2009; Christey 2001; Guillon et al. 2006; Kereszt
et al. 2007; Meng et al. 2019). Here, we used the one-step
protocol to explore the application of cucumber transgenic
roots to analyze promoter function, we conducted Arabidop-
sis YAO promoter to drive the expression of GUS reporter
gene. The result indicated that the Arabidopsis YAO regula-
tory sequences has shown to drive similar expression pat-
terns of YAO gene in cucumber roots (Li et al. 2010). GUS
activity was detected in whole cucumber roots and higher
level in the root tips. Previously, higher gene editing effi-
ciency was found by CRISPR/Cas9 system mediated gene
knockout using YAO promoter to drive Cas9 protein expres-
sion in Arabidopsis and Citrus (Yan et al. 2015; Zhang et al.
2017). It is interesting that the conservation of the expres-
sion of Arabidopsis YAO in cucumber roots whether YAO
promoter-driven CRISPR/Cas9 system can enhance the
gene editing efficiency in cucumber. This need to be further
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tested. In addition, activities, enhancers, repressors, and the
core region of the root specific promoter could be detected
easily in the root transformation system (Chen et al. 2014).

Conclusion

We developed a highly reliable and facile one-step gen-
eration of composite cucumber plants protocol performed
effectively in different genotypes cucumber using A. rhizo-
genes. It will be easy to transfer a foreign desirable gene into
cucumber roots by this method. The fast, simple, high effi-
cient, and reproducible method opens new avenues in desir-
able agronomical traits improvement of cucumbers roots and
elucidate the functions of candidate genes involved in root
biology such as the interactions of plants with nematodes or
root specific pathogens, nutrient/toxin uptake or remediation
from soil.
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