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ABSTRACT. Gene function studies in anthurium (Anthurium andraeanum) have been hindered by the low efficiency of
stable transformation, the long regeneration time required as well as the genotype-dependent nature of Agro-
bacterium (Agrobacterium tumemaciens)-mediated transformation protocols. Agrobacterium-mediated transient
expression assays can serve as an attractive alternative for investigating gene function once such assays are
optimized. The effects of host factors (genotype, explant type, and developmental maturity of explants), Agro-
bacterium factors (strain, growth phase, and its concentration), media conditions (infiltration medium used,
acetosyringone concentration, type of surfactant, and its concentration), and other experimental factors (infiltration
time, cocultivation time, and vacuum infiltration) were investigated on the efficiency of Agrobacterium transient
transformation, with replications, using transient expression of b-glucuronidase as an indicator. Although the
efficiency of transient transformation was initially found to be highly host genotype-dependent, the genotypic
differences in transient transformation efficiency diminished as the protocol was optimized. Agrobacterium strain
GV3101 grown to an optical density at 600 nM (OD600) of 1.5 and resuspended to a final OD600 of 0.8 in infiltration
medium [0.5% glucose, 10 mM 2-(N-morpholino) ethanesulfonic acid] supplemented with 100 mM acetosyringone
and 0.05% of a non-ionic surfactant (S240), for an infiltration period of 16 hours and a cocultivation timeframe of
2 days yielded transient transformation efficiencies as high as 100%.

Anthurium andraeanum, a member of the family Araceae
(monocotyledon), is highly prized as an ornamental plant with
its beautiful flowers and exotic foliage (Dufour and Guérin,
2003). As is the case with other monocots, anthurium is not
naturally susceptible to Agrobacterium-mediated transforma-
tion but can be transformed under the right conditions (Chen
et al., 1997; Fitch et al., 2011; Zhao et al., 2010). Stable trans-
formation of anthurium has been achieved using a variety of
constructs, Agrobacterium strains, and explants types (etiolated
internodes, root section, calli) (Chen and Kuehnle, 1996; Chen
et al., 1997; Fitch et al., 2011; Kuehnle and Chen, 1994; Kuehnle
et al., 2001, 2004; Zhao et al., 2010) with reported transformation
efficiencies reaching up to 2% (Fitch et al., 2011). The generation
of transgenic plants of anthurium, using the aforementioned
methods, is labor-intensive and takes years before results can be
properly assessed (Fitch et al., 2011; Zhao et al., 2010).

Transient genetic transformation (Fischer and Emans, 2000;
van der Hoorn et al., 2000; Yasmin and Debener, 2010) provides
a rapid means of assessing gene constructs (Kapila et al., 1997;
Manavella and Chan, 2009) compared with stable genetic trans-
formation, allowing results to be obtained in days. Although both
Agrobacterium-mediated transformation and microparticle
bombardment have been widely used in transient assays, the
former is less intrusive, more efficient in delivering large gene
constructs, and does not require expensive and specialized equip-
ment (Christou, 1997; Fischer and Emans, 2000). Furthermore,
particle bombardment in anthurium (Collette, 2002; Hayden and

Christopher, 2004) has been shown not to be amenable for
transient assays as a result of extensive and rapid browning of
wounded tissue (Collette, 2002).

Transient Agrobacterium-mediated gene expression assays
have been successfully used to analyze gene function (Li et al.,
2009; Manavella and Chan, 2009), gene silencing (Bhaskar
et al., 2009), and gene-for-gene interactions between host re-
sistance and pathogen avirulence genes (Baulcombe 1999;
Frederick et al., 1998; Kapila et al., 1997; Scofield et al., 1996;
Tsuda et al., 2011). It has also been used to characterize
production of recombinant antibodies in tobacco (Nicotiana
tabacum) and lettuce (Lactuca sativa) (Negrouk et al., 2005;
Vaquero et al., 1999). Although experimental procedures are
relatively simple and work well with many plant species such
as tobacco, potato (Solanum tuberosum), tomato (Solanum
lycopersicum), lettuce, pea (Pisum sativum), grapevine (Vitis
vinifera), wheat (Triticum aestivum), and Arabidopsis thaliana
(He et al., 2010; Mestre et al., 2000; Santos-Rosa et al., 2008;
Tsuda et al., 2011; van der Hoorn et al., 2000; Wroblewski et al.,
2005), such procedures have not been developed for anthurium.

Transient transformation assays require an efficient and re-
liable system that works well over many different genotypes.
One of the difficulties with the use of Agrobacterium-mediated
transformation has been the genotype-dependent nature of the
transformation systems (Chen and Kuehnle, 1996; Chen et al.,
1997; Fitch et al., 2011). In this study we demonstrate using leaf
explants in which the protocol can be optimized to efficiently
transform even the most difficult-to-transform genotypes.

Materials and Methods

CULTIVARS AND EXPLANTS. Eight cultivars of A. andraeanum
(Local Pink, Pierrot, Lydia, Sonata, KAIRI2010, Honduras,

Received for publication 26 Mar. 2012. Accepted for publication 1 June 2012.
We gratefully acknowledge the management and staff of Kairi Blooms Ltd. for
providing the plant material for this research. We also thank Evonik Goldschmidt
Chemical (Hopewell, VA) for donating Break ThruTM (S240).
1Corresponding author. E-mail: pathmanathan.umaharan@sta.uwi.edu.

J. AMER. SOC. HORT. SCI. 137(4):263–272. 2012. 263

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-12-01 via free access



Mirjam, and Tropical) were used in the study. Leaf, spathe, and
spadix explants were collected from anthurium plants grown
at a commercial anthurium farm in Carapo village, Arima,
Trinidad (Kairi Blooms Ltd.). The cultivars were grown at a
spacing of 45 · 30 cm in shade houses (75% shade) on beds
made of pulverized coconut husk. The leaf explants were col-
lected at three developmental stages: Stage 1, young, unopened
leaves; Stage 2, fully expanded young leaves (floppy); and
Stage 3, fully expanded, mature and firm leaves. The collected
material was transported under ice to the laboratory. Spathe and
spadix tissues were collected at Stage 6, in which the spathe is
fully expanded but the flowers have not dehisced (Collette et al.,
2004). A sterile 10-mm-diameter cork borer was used to obtain
discs 80 mm2 area of both leaf and spathe explants, carefully
avoiding the central vascular tissue. The spadix tissue was diced
into 5-mm-thick cylindrical pieces and used in the experiments.

AGROBACTERIUM STRAINS AND PLASMID. The three Agrobacte-
rium strains used, EHA 101, LBA 4404, and GV3101, contain
disarmed Ti plasmids pTiBo542, pTiAch5, and pTiC58, respec-
tively. These strains were transformed with pCAMBIA1305.2
(Brisbane, Australia) containing both a CaMV 35S promoter
and the b-glucuronidase (GUS) gene. The GUS gene contained
within the plasmid included an intron. The Agrobacterium
strains were grown to different growth phases corresponding to
OD600 of 0.1, 0.5, 0.8, 1.0, and 1.5 and diluted to OD600 of 0.8 to
investigate the effect of Agrobacterium growth phase and
concentration on the efficiency of transient transformation.

AGROBACTERIUM INOCULATION. Unless otherwise stated all
experiments used the ‘‘initial transformation protocol’’ (ITP) as
described subsequently. Bacterial cells, grown to an OD600 of
1.5, were collected and suspended to a final OD600 of 0.5 in an
infiltration medium consisting of 5% sucrose supplemented
with 0.05% of the surfactant S240 (Break ThruTM; Evonik
Goldschmidt Chemical, Hopewell, VA) and 100 mM acetosyr-
ingone (Sigma-Aldrich, St. Louis, MO). The explants were
immersed in the infiltration solution for 4 h immediately after
cutting and were subsequently washed with sterile water with
vigorous shaking to remove excess Agrobacterium. They were
then transferred in 25 mL of 1/4 Murashige and Skoog (MS)
salts, in low light (0.3 mmol�m–2�s–1), with gentle agitation (100 rpm)
in an Erlenmeyer flask (250 mL) at room temperature (22 ± 2 �C)
for 2 d.

b-GLUCURONIDASE HISTOCHEMICAL ASSAYS. For b-glucuroni-
dase (GUS) assays, the discs were immersed in a GUS staining
solution (0.1 M NaH2PO4, 0.1 M Na2HPO4, 10 mM EDTA pH
8, 0.5 M potassium ferrocyanide, 0.5 M potassium ferricyanide,
1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid [X-Gluc
(Research Products International, Mount Prospect, IL)] and
incubated at 37 �C in the dark, overnight. Leaf discs were then
transferred to 75% ethanol to remove the green coloration im-
parted by chlorophyll. The results were recorded as percentage
of the explants that showed a blue coloration.

EXPERIMENTATION. First, explants from eight cultivars were
treated with the ITP to identify those that were most recalcitrant
to transient transformation and those that were most easily trans-
formed. Two selected cultivars, representing one easily trans-
formed and the other recalcitrant to transient transformation,
were then used to investigate explants source, infiltration medium,
Agrobacterium strain, Agrobacterium growth phase, and con-
centration and length of cocultivation. Then holding those
variables constant, type of surfactant, surfactant concentration,
acetosyringone concentration, and length of vacuum infiltration

were tested on transient transformation efficiency assayed by
GUS histochemical assay and reported as percentage of the
explants transformed. Each experiment was carried out in a
randomized complete block design with three replications with
each replication consisting of 10 explants.

CULTIVAR EFFECTS. Leaf discs (Stage 2 leaves) from eight
cultivars (Local Pink, Pierrot, Lydia, Sonata, KAIRI2010,
Honduras, Mirjam, and Tropical) were subjected to the ITP as
described before using the Agrobacterium strain EHA101 and
subjected to GUS histochemical assays.

THE EFFECT OF EXPLANTS AND DEVELOPMENTAL STAGE. Three
explants (leaf, spathe, and spadix), with the leaf explants at three
developmental stages as described before, of cultivars Local Pink
and KAIRI2010 (representing the easily transformed and recal-
citrant to transformation, respectively) were used to investigate
the effect of explant and developmental stage on transient trans-
formation efficiency with two Agrobacterium strains, EHA101
and GV3101, and using the ITP before assaying for GUS activity.

EFFECT OF GROWTH PHASE OF AGROBACTERIUM AND

COCULTIVATION TIME. The growth curves for the three Agro-
bacterium strains were determined by inoculating single col-
onies of each strain into Luria Broth medium, incubating at
28 �C with agitation (200 rpm), and by serially sampling ali-
quots over a 36-h period and recording the optical density at
600 nM. To investigate the effect of Agrobacterium strain, growth
phase, and cocultivation time on transient transformation effi-
ciency, three Agrobacterium strains (described before) were
grown to varying optical densities (OD600 of 0.1, 0.5, 1.0, 1.5)
and suspended to a final OD600 of 0.5 and subjected to the ITP
but varying cocultivation time as follows: 0, 1, 2, 3, or 4 d using
anthurium (‘Local Pink’ and ‘KAIRI2010’) with Stage 2 leaf
discs. The treatments, three Agrobacterium strains, four growth
phases, and four cocultivation times, were factorially combined
and arranged in a randomized complete block design with three
replications with replications conducted over time. Each treat-
ment combination consisted of 10 explants.

EFFECT OF AGROBACTERIUM CONCENTRATION. The effect of
Agrobacterium concentration on transient transformation effi-
ciency was investigated using two strains of Agrobacterium
(EHA101 and GV3101). Each strain was grown to an OD600 of
1.5 and suspended to a final OD600 of 0.01, 0.05, 0.10, 0.50,
0.80, 1.00, and 1.50 in infiltration medium (ITP). The inocula
were used to inoculate leaf discs of ‘Local Pink’ (Stage 2) as
described before and cocultivated for 1, 2, 3, 4, or 5 d. The
Agrobacterium strains (two), concentrations (seven), and co-
cultivation times (five) were combined in a factorial structure
and replicated three times. Each treatment combination con-
sisted of 10 explants. The experiment was analyzed as a ran-
domized complete block design.

EFFECT OF INFILTRATION MEDIUM. The effect of infiltration
medium on transient transformation efficiency of ‘Local Pink’
and ‘KAIRI 2010’ (Stage 2 leaves) was investigated using two
strains of Agrobacterium (EHA 101 and GV3101) each grown
to an OD600 of 1.5 and suspended to a final OD600 of 0.5 in the
five different infiltration media (IF1-IF5; shown subse-
quently), supplemented with 0.05% S240 and 100 mM acetosyr-
ingone and cocultivated for 2 d as before, and assayed for GUS
activity:

IF1 – 1% glucose;
IF2 – 5% sucrose;
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IF3 – 0.5% glucose, 10 mM 2-(N-morpholino) ethanesul-
fonic acid (MES), 10 mM magnesium chloride;

IF4 – 1/4 MS, 1% sucrose; and
IF5 – 1/10 MS, 20 mM 3-(N-morpholino) propanesulfonic

acid, 2% sucrose, 1% glucose.

The cultivars, Agrobacterium strains, and infiltration media
were arranged in a factorial structure with 10 explants per treat-
ment combination with the experiment replicated three times.

EFFECT OF SURFACTANT. The effect of type of surfactant on
transient transformation efficiency was determined as follows.
The bacterial cells (EHA101 and GV3101) were collected at
an OD600 of 1.5 and suspended to a final OD600 of 0.8 in the
infiltration medium (IF4 for ‘Local Pink’ and IF2 for
‘KAIRI2010’) supplemented with 100 mM acetosyringone
and either of 0.01% of Tween-20 (Research Organics, Cleveland,
OH), Triton-X 100 (Labchem, Pittsburgh, PA), or S240. After
Agrobacterium inoculation, the explants (‘Local Pink’ and
‘KAIRI2010’ Stage 2 leaves) were cocultivated for 2 d before
assaying for GUS activity. The two cultivars, two Agrobacterium
strains, and the three surfactants were combined in a factorial
structure and replicated three times over time with 10 explants
per treatment combination.

EFFECT OF SURFACTANT CONCENTRATION. To determine the
concentration that yielded the best results, varying concentra-
tions of the S240 surfactant were used (0.005%, 0.01%, 0.02%,
0.05%, and 0.1%). The bacterial cells were collected at OD600

of 1.5 and suspended to a final OD600 of 0.8 in the infiltration
medium (IF4 for ‘Local Pink’ and IF2 for ‘KAIRI2010’) sup-
plemented with varying concentrations of S240 and 100 mM
acetosyringone. After Agrobacterium inoculation, the explants
(Stage 2 leaves) were cocultivated for 2 d before assaying for
GUS activity. The two cultivars, two Agrobacterium strains,
and the five concentrations of S240 were combined in a factorial
structure and replicated three times over time with 10 explants
per treatment combination.

EFFECT OF ACETOSYRINGONE CONCENTRATION. The bacterial
cells grown to OD600 of 1.5 were collected and suspended to
a final OD600 of 0.8 in the infiltration medium (either IF2 or IF4)
supplemented with 0.005% of S240 and varying concentra-
tions of acetosyringone (10, 20, 50, 100, 200, and 500 mM).
After Agrobacterium inoculation, the explants (‘Local Pink’
and ‘KAIRI2010’; Stage 2 leaves) were cocultivated for 2 d
before assaying for GUS activity. The two cultivars, two
Agrobacterium strains, and the six concentrations of aceto-
syringone were combined in a factorial structure and repli-
cated three times over time with 10 explants per treatment
combination.

EFFECT OF VACUUM INFILTRATION. To determine the effect of
vacuum infiltration as well as the duration of it on transient
transformation efficiency, varying infiltration times were tested
(0, 1, 5, 10, 20, or 30 min) with two cultivars and two
Agrobacterium strains. The bacterial cells were collected and
resuspended to a final OD600 of 0.8 in the infiltration medium
supplemented with 0.005% of S240 and 100 mM acetosyrin-
gone. The leaf discs were immersed in the infiltration solution
immediately after cutting and were subjected to vacuum
infiltration for the durations indicated previously. The discs
were subsequently washed with sterile water with vigorous
shaking to remove the excess Agrobacterium. They were then
incubated in 1/4 MS medium, in low light, with gentle agitation
(100 rpm) at room temperature (22 ± 2 �C). Two days after

transformation, 10 discs (‘Local Pink’ and ‘KAIRI2010’; Stage
2 leaves) were stained for GUS activity and transient trans-
formation efficiency calculated as outlined previously.

STATISTICAL ANALYSES. Analyses of variance were carried
out using the statistical software NCSS (NCSS, Kaysville, UT)
to detect significance of main effects and interactions. The
percentage data were subjected to arcsine transformation before
analysis. Differences between the treatments were compared
using Fisher’s least significant difference test.

Results

As previously stated, eight cultivars were tested using an
ITP. One easily transformable and one recalcitrant cultivar
were then used to investigate explants source, infiltration me-
dium, Agrobacterium strain, Agrobacterium growth phase, and
concentration and length of cocultivation. Holding those vari-
ables constant, type of surfactant, surfactant concentration,
acetosyringone concentration, and length of vacuum infiltration
were then tested.

CULTIVAR EFFECTS. There were significant (P < 0.001) dif-
ferences in the transient transformation efficiency among the
eight cultivars tested (Fig. 1) with efficiency varying from 0%
(‘Tropical’) to 83% ± 1.05% (‘Local Pink’). Two cultivars, one
easily transformable (‘Local Pink’) and another with low tran-
sient transformation efficiency (‘KAIRI 2010’), were used in
subsequent experiments.

TISSUE TYPE. There were significant differences among the
various developmental stages of the leaf (P < 0.001) with Stage 2
leaf tissue giving a significantly higher transient transforma-
tion efficiency than Stage 1 or Stage 3 in both cultivars and over
the two Agrobacterium strains (Fig. 2). On average the transient
transformation efficiencies for Stage 2 leaves were 67% ± 2.6%
for ‘Local Pink’ and 57% ± 2.6% for ‘KAIRI2010’. Although
the spadix explants showed consistently poor transient trans-
formation efficiencies across both cultivars, the spathe ex-
plants of the two cultivars exhibited differential response to
Agrobacterium inoculation accounting for the significant cultivar
· tissue type interaction. Although the spathe explants showed
high transient transformation efficiency in ‘KAIRI2010’, they
showed no evidence of transient transformation over the var-
ious replicates in ‘Local Pink’.

Fig. 1. Transformation efficiencies (mean ± SE) obtained with leaf explants of
eight cultivars of anthurium. Means and SE were determined from three
independent experiments (n = 30).
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INFILTRATION MEDIA. The main effects of cultivar and in-
filtration media as well as the cultivar · media interaction effect
were significant (P < 0.001) on transient transformation ef-
ficiency. The effect of Agrobacterium strain was not significant
(P > 0.05). Among the five inoculation media tested, IF4 gave
the highest transient transformation efficiency in ‘Local Pink’
(83% ± 4.5%) followed by IF2 (57% ± 1.05%), whereas IF2
gave the highest transient transformation efficiency (70% ±
4.5%) in ‘KAIRI2010’ (Fig. 3). The other media on average
gave �14% transient transformation efficiency in both culti-
vars. Thus, for subsequent experiments, IF2 was selected for
‘KAIRI 2010’ and IF4 for ‘Local Pink’.

AGROBACTERIUM STRAIN, GROWTH PHASE, AND COCULTIVATION

TIME. Although the main effects of cultivar (P < 0.001),
Agrobacterium strain (P < 0.001), growth phase (P < 0.001),
and cocultivation time (P < 0.001) were significant, the effects
of growth phase (F = 230) and cocultivation time (F = 260) were
by far the greatest. Hence, in general regardless of cultivar or
Agrobacterium strain, the maximum transient transformation
efficiencies were obtained at the Agrobacterium growth phase
corresponding to an OD600 of 1.5 (midlog phase) and with a
cocultivation time of 2 d (Table 1). The only notable exceptions
were with Agrobacterium strain LBA 4404, in which the
transient transformation efficiencies were not significantly
different between OD600 of 0.5 and 1.5 and between 2 and 3 d of

cocultivation (at OD600 of 1.0), accounting for the significant
second-order interaction. Notwithstanding, at the optimum
growth phase and cocultivation time, the transient transforma-
tion efficiencies were significantly higher for EHA101 and
GV3101 compared with LBA 4404 (Table 1). It can be con-
cluded that for both EHA101 and GV3101, maximum transient
transformation with respect to both cultivars can be obtained
when the Agrobacterium strains are grown to an OD600 of 1.5
and explants subjected to a 2-d cocultivation. These conditions
were adhered to in subsequent experiments.

AGROBACTERIUM CONCENTRATION. Various concentrations of
Agrobacterium were compared at the optimum growth phase as
determined in the previous experiment using the Agrobacterium
strains EHA101 and GV3101. The main effects of cultivar (P <
0.001), Agrobacterium strain (P < 0.05), and Agrobacterium
concentration (P < 0.001) as well as the cultivar · Agrobacterium
strain interaction effect (P < 0.05) were significant. Regardless
of the Agrobacterium strain used, the optimum concentration
was at a dilution equivalent to OD600 of 0.8, which resulted in
a mean transient transformation efficiency of 85% (Fig. 4).
Although there were no significant differences between the
two Agrobacterium strains used in cultivar KAIRI2010, strain
EHA101 proved to be significantly (P < 0.05) better than
GV3101 with respect to ‘Local Pink’, accounting for the
interaction.

Fig. 2. The effect of tissue type and leaf developmental stage on transformation
efficiency (mean ± SE) in anthurium cultivars Local Pink (A) and KAIRI2010
(B). Means and SE were determined from three independent experiments (n =
30); Stage 1, young, unopened leaves; Stage 2, fully expanded young leaves
(floppy); Stage 3, fully expanded, mature and firm leaves. Spathe and spadix
tissues were collected at Stage 6, in which the spathe is fully expanded but the
flowers have not dehisced. EHA101 (C58 chromosomal background with
disarmed pTiBo542) and GV3101 (C58 chromosomal background with
disarmed pTiC58) are Agrobacterium strains.

Fig. 3. The effect of infiltration media (IF) on transformation efficiencies (mean ±
SE) of anthurium cultivars Local Pink (A) and KAIRI2010 (B); IFI = 1%
glucose; IF2 = 5% sucrose; IF3 = 0.5% glucose + 10 mM 10 mM 2-(N-
morpholino) ethanesulfonic acid + 10 mM MgCl2; IF4 = 1/4 Murashige and
Skoog salts (MS) + 1% glucose; IF5 = 1/10 MS + 20 mM 3-(N-morpholino)
propanesulfonic acid + 2% sucrose + 1% glucose. Means and SE were
determined from three independent experiments (n = 30). EHA101 (C58
chromosomal background with disarmed pTiBo542) and GV3101 (C58
chromosomal background with disarmed pTiC58) are Agrobacterium strains.

266 J. AMER. SOC. HORT. SCI. 137(4):263–272. 2012.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-12-01 via free access



SURFACTANT TYPE AND CONCENTRATION. The effect of Agro-
bacterium strain (P < 0.05) and type of surfactant (P < 0.001)
significantly influenced transient transformation efficiency.
Neither the effect of cultivar nor the interactions were signif-
icant (P > 0.05). Among the three surfactants tested, only S240
gave a higher (64% ± 1.1%) transient transformation efficiency
when compared with the no surfactant control (12% ± 2.5%).
The other two surfactants had a deleterious effect on transient
transformation indicated by a significantly lower transient trans-
formation percentage compared with the control (Fig. 5). Again,
Agrobacterium strain EHA101 resulted in a higher transient
transformation percentage (75% ± 2.5%) than GV3101 (50% ±
2.5%). From these results, S240 was chosen for use in subsequent
experiments.

The main effects of Agrobacterium strain (P < 0.01) and
concentration of the surfactant S240 (P < 0.001) as well as the
cultivar · surfactant concentration interaction were significant
on transient transformation percentage, whereas the effect of
cultivar and other interactions were not significant (P > 0.05)
(Fig. 6). Although in both cultivars the highest transient trans-
formation efficiency was obtained at the concentration of S240
of 0.005% (‘KAIRI2010’ –60%; ‘Local Pink’ –76%), the re-
sulting decline in transient transformation efficiency at con-
centrations higher than 0.005% was more pronounced in
‘KAIRI2010’ compared with ‘Local Pink’ (Fig. 6). Necrotic
damage to the explants was noted at the high concentrations of
S240. Again on average the transient transformation efficiency
with EHA 101 was superior to GV3101.

ACETOSYRINGONE CONCENTRATION. Although the main ef-
fects of Agrobacterium strain (P < 0.05) and acetosyringone
concentration [AC (P < 0.001)] as well as the interaction effects
[cultivar · AC (P < 0.01) and Agrobacterium strain · AC (P <
0.001)] were significant, AC had the largest effect (F = 200).
Hence, regardless of cultivar or Agrobacterium strain, the
transient transformation efficiency increased up to the optimum

Table 1. The effects of Agrobacterium strain, growth phase, and cocultivation time on transformation efficiencies of anthurium cultivars Local
Pink and KAIRI2010.z

Agrobacterium strain OD600
y

Transformation efficiency [mean ± SE (%)]

‘Local Pink’ ‘KAIRI2010’

Cocultivation time (d) Cocultivation time (d)

0 1 2 3 0 1 2 3

EHA101 0.0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
0.1 0 ± 0 9 ± 1.1 23 ± 1.1 4 ± 1.1 0 ± 0 7 ± 1.1 20 ± 1.1 3 ± 1.1
0.5 0 ± 0 19 ± 1.1 31 ± 1.1 22 ± 2.6 0 ± 0 10 ± 2.6 30 ± 1.1 8 ± 2.6
1.0 0 ± 0 41 ± 1.1 56 ± 2.6 20 ± 2.6 0 ± 0 30 ± 2.6 55 ± 2.6 17 ± 2.6
1.5 0 ± 0 27 ± 2.6 75 ± 1.1 33 ± 2.6 0 ± 0 27 ± 1.1 70 ± 1.1 36 ± 2.6

LBA4404 0.0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
0.1 0 ± 0 11 ± 1.1 28 ± 1.1 2 ± 1.1 0 ± 0 8 ± 1.1 18 ± 1.1 4 ± 1.1
0.5 0 ± 0 10 ± 1.1 63 ± 1.1 7 ± 1.1 0 ± 0 10 ± 1.1 30 ± 1.1 6 ± 1.1
1.0 0 ± 0 12 ± 2.6 52 ± 3 53 ± 2.6 0 ± 0 10 ± 1.1 42 ± 2.6 18 ± 2.6
1.5 0 ± 0 20 ± 1.1 58 ± 2.6 7 ± 1.1 0 ± 0 15 ± 1.1 48 ± 2.6 22 ± 1.1

GV3101 0.0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
0.1 0 ± 0 16 ± 1.1 26 ± 1.1 0 ± 0 0 ± 0 0 ± 0 16 ± 1.1 0 ± 0
0.5 0 ± 0 12 ± 2.6 36 ± 2.6 0 ± 0 0 ± 0 11 ± 1.1 26 ± 1.1 0 ± 0
1.0 0 ± 0 15 ± 1.1 40 ± 2.6 24 ± 1.1 0 ± 0 15 ± 1.1 30 ± 2.6 25 ± 1.1
1.5 0 ± 0 47 ± 1.1 65 ± 1.1 67 ± 2.6 0 ± 0 40 ± 1.1 50 ± 1.1 56 ± 2.6

zMeans and SEs were determined from three independent experiments, where n = 30.
yGrowth phase represented as optical density at 600 nM.

Fig. 4. The effects of Agrobacterium strain [EHA101 (C58 chromosomal
background with disarmed pTiBo542), GV3101 (C58 chromosomal back-
ground with disarmed pTiC58)] and concentration on transformation effi-
ciencies (mean ± SE) of anthurium cultivars Local Pink (A) and KAIRI2010
(B). Means and SE were determined from three independent experiments
(n = 30); OD600 = optical density at 600 nM.
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AC of 100 mM (average 81% ± 1.9%) but declined at higher
concentrations (Table 2). Although at the optimal AC, the
transient transformation efficiency was significantly higher in
‘Local Pink’ (88% ± 2.6%) than ‘KAIRI2010’ (73% ± 2.6%), at
suboptimal concentrations, the transient transformation effi-
ciency in ‘KAIRI2010’ was significantly better than ‘Local Pink’,
accounting for the cultivar · AC interaction. Similarly, al-
though up to the optimum AC, EHA101 was either significantly
better than or equivalent to GV3101, at above-optimal concen-
trations of acetosyringone GV3101 gave a higher transient
transformation efficiency than EHA101 accounting for the
Agrobacterium · AC interaction.

INFILTRATION TIME. The main effects of Agrobacterium
strain, cultivar, and the infiltration time as well as the interaction
effects of cultivar · Agrobacterium strain and Agrobacterium
strain · infiltration time and cultivar · Agrobacterium strain ·
infiltration time were significant (P < 0.001). The effect of cul-
tivar · infiltration time interaction was however not significant
(P > 0.05) on transient transformation efficiency. The effect of
infiltration time on transient transformation efficiency was the
greatest (F = 171) with transient transformation efficiency
increasing up to a 16-h infiltration time and decreasing thereafter
regardless of cultivar or Agrobacterium strain used (Fig. 7). At
the optimum infiltration time, GV3101 elicited a significantly
higher transient transformation efficiency of 100% compared
with EHA101 (80%) in ‘Local Pink’, but there were no signif-
icant differences between EHA101 and GV3101 (average 96%)
in ‘KAIRI2010’, resulting in a significant (P < 0.001) second-
order interaction. On average (over infiltration times), EHA 101
gave a better transient transformation efficiency than GV3101
in ‘KAIRI2010’ but was not significantly different from GV3101
in ‘Local Pink’, accounting for the significant Agrobacterium
strain · cultivar interaction. The results also showed that on av-
erage EHA101 performed better than GV3101 at lower infiltration
times (up to 12 h), but GV3101 was equal or better at longer infil-
tration times, resulting in the significant Agrobacterium strain ·
infiltration time interaction. In future experiments, a 16-h infil-
tration time was used.

VACUUM INFILTRATION TIME. Agrobacterium strain, cultivar,
vacuum infiltration time as well as the first- and second-order
interaction effects were significant (P < 0.001) on transient

transformation efficiency. In ‘Local Pink’, vacuum infiltration
resulted in a significant reduction in transient transformation
efficiency with no vacuum infiltration having the highest
transient transformation efficiency. In the no vacuum infiltra-
tion treatment, there were significant differences among the
Agrobacterium strains with EHA 101 (83% ± 3.5%) giving a
much higher transient transformation efficiency than GV3101
(19% ± 3.5%). The trend was very different in ‘KAIRI2010’, in
which GV3101 gave high transient transformation percentage
at lower vacuum infiltration times, declining as vacuum infiltration

Fig. 5. The effect of Agrobacterium strain [EHA101 (C58 chromosomal
background with disarmed pTiBo542), GV3101 (C58 chromosomal back-
ground with disarmed pTiC58)], and surfactant [Tween-20 (Research
Organics, Cleveland, OH), Triton-X 100 (Labchem, Pittsburgh, PA), S240
(Break ThruTM; Evonik Goldschmidt Chemical, Hopewell, VA)] in infiltration
media on transformation efficiencies (mean ± SE) of anthurium. Means and SE

were determined from three independent experiments (n = 30).

Fig. 6. The effect of Agrobacterium strain [EHA101 (C58 chromosomal
background with disarmed pTiBo542), GV3101 (C58 chromosomal back-
ground with disarmed pTiC58)], and concentration of the surfactant S240
(Break ThruTM; Evonik Goldschmidt Chemical, Hopewell, VA) on trans-
formation efficiencies (mean ± SE) of anthurium cultivars Local Pink (A) and
KAIRI2010 (B). Means and SE were determined from three independent
experiments (n = 30).

Table 2. The effect of acetosyringone concentration on transformation
efficiencies of two anthurium cultivars, Local Pink and KAIRI2010,
transformed with two strains of Agrobacterium, EHA101 and
GV3101.z

Acetosyringone
concn (mM)

Transformation efficiency [mean ± SE (%)]

‘Local Pink’ ‘KAIRI2010’

EHA101 GV3101 EHA101 GV3101

0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
10 3 ± 1.1 3 ± 1.1 23 ± 1.1 3 ± 1.1
20 17 ± 1.1 27 ± 1.1 33 ± 1.1 20 ± 1.8
50 40 ± 1.8 53 ± 2.6 60 ± 1.8 37 ± 1.1

100 93 ± 2.1 83 ± 1.1 90 ± 1.8 57 ± 1.1
200 3 ± 1.1 27 ± 1.1 7 ± 1.1 23 ± 1.1
500 0 ± 0 0 ± 0 3 ± 1.1 0 ± 0
zMeans and SEs were determined from three independent experiments,
where n = 30.
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time exceeded 1 min. In contrast, the transient transformation
efficiency obtained with EHA101 steadily increased with
increasing vacuum infiltration time reaching a maximum at
20 min after which it declined (Fig. 8). ‘KAIRI2010’ leaf discs,
which were transformed using the vacuum infiltration method,
appeared to have a large surface area exhibiting GUS staining
when compared with those transformed using no vacuum (data
not shown) suggesting that ‘KAIRI2010’ benefits from vacuum
infiltration, particularly when EHA101 is used.

Discussion

Transient assays provide a useful tool for studying gene
function in plants. The use of Agrobacterium-mediated trans-
formation is a fast and highly efficient method, which does not
require expensive equipment. Several methods have been pub-
lished over the years for various plant species in an attempt to
improve transformation efficiency (Wroblewski et al., 2005;
Zottini et al., 2008).

The results of this study show that the success of Agrobacterium
inoculation is dependent on the genotype of the plant, explant
type, and developmental stage among others. It has been pre-
viously reported that the genetic background of the plant ma-
terial has a significant impact on the transformation efficiency
of lettuce, A. thaliana, grapevine, lentils (Lens culinaris), and
rose (Rosa ·hybrida) (Hassan et al., 2007; Santos-Rosa et al.,
2008; Wroblewski et al., 2005; Yasmin and Debener, 2010;
Zottini et al., 2008). Here, we report transient transformation

efficiencies varying between 0% and 82% among genotypes,
before optimization of the protocol. Nevertheless, we show that
after optimization, 100% transient transformation efficiency can
be achieved in genotypes at both ends of the spectrum.

Although the spathe is a modified leaf, the leaf tissue, in
general, was more amenable to Agrobacterium transient trans-
formation. The spathe of anthurium contains anthocyanins in
contrast to the leaves, which contain chlorophyll. Previous re-
ports have demonstrated that pelargonidins have an inhibitory
effect on the growth of Escherichia coli and Staphylococcus
aureus (Hamdy et al., 1961). It is possible that the anthocyanins
and possibly flavonoids may exert a negative influence on
transient transformation. The fact that the white spathe of
‘KAIRI2010’, which lacks anthocyanins, was more readily trans-
formed than the ‘Local Pink’ may lend some support to this idea.

Among the tissues examined in this article, the spathe and
leaves yielded the best results with no transient transformation
being observed with spadix tissue. Variation was also observed
in the transient transformation efficiency with leaf age. Similar
observations were noted in Artemisia (Mannan et al., 2009). In
contrast, there were no significant differences in transformation
efficiencies across plants of different maturity levels or tissues
of different development stages in A. thaliana, tobacco, pepper
(Capsicum annuum), cotton (Gossypium hirsutum), tomato, and
lettuce (Joh et al., 2005; Wroblewski et al., 2005). This underlines
the importance of investigation the effect of tissue developmental
stage on transient transformation efficiency in each species.

It is well established in the literature that selection of the
right infiltration medium (Du et al., 2010; Frame et al., 2002;

Fig. 8. The effect of vacuum infiltration on transformation efficiencies (mean ±
SE) of anthurium cultivars Local Pink (A) and KAIRI2010 (B). Means and SE

were determined from three independent experiments, where n = 30. EHA101
(C58 chromosomal background with disarmed pTiBo542) and GV3101 (C58
chromosomal background with disarmed pTiC58) are Agrobacterium strains.

Fig. 7. The effect of Agrobacterium strain [EHA101 (C58 chromosomal
background with disarmed pTiBo542), GV3101 (C58 chromosomal back-
ground with disarmed pTiC58)], and infiltration time on transformation
efficiencies (mean ± SE) of anthurium cultivars Local Pink (A) and
KAIRI2010 (B). Means and SE were determined from three independent
experiments (n = 30).
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McIntosh et al., 2004; Tague and Mantis, 2006), acetosyringone
level (Kapila et al., 1997), and use of surfactants (Joh et al., 2005)
can improve transformation efficiency. Optimizing the infiltra-
tion medium improved transient transformation efficiency in
the difficult-to-transform ‘KAIRI2010’ from �14% to 62%. In
this study the best infiltration medium varied with cultivars,
indicating that identifying a suitable infiltration medium may be
among the most critical factors in improving transient trans-
formation efficiency in anthurium similar to results obtained in
other species (Cheng et al., 1997; Dong et al., 1996; Enriquez-
Obregon et al., 1998; Fry et al., 1987; Lucca et al., 2001;
Mohanty et al., 1999).

Acetosyringone, known to induce the virulence genes of
Agrobacterium necessary for effecting the transfer and incor-
poration of T-DNA in the host plant (McCullen and Binns,
2006; Stachel et al., 1986), significantly improved the transient
transformation efficiency up to a concentration of 100 mM, in-
dicating the critical role of acetosyringone in anthurium trans-
formation. Higher concentrations of acetosyringone, however,
resulted in a decrease in transient transformation efficiency and,
in some cases, completely inhibited it altogether. The inhibition
at higher concentrations has been attributed to acetosyringone
being toxic at high concentration (Sreeramanan et al., 2007).

Previous research has shown that the concentration of a
surfactant can play a significant role in the success of transient
assays (Chen et al., 2010; Li et al., 2009). Of the three sur-
factants used in this study, only S240 was able to increase the
transient transformation efficiency. The other two surfactants
resulted in a brown ring along the edge of leaf disc suggesting
tissue death. Higher concentrations of S240, however, resulted
in increasing levels of necrotic damage and a consequent de-
crease in transient transformation efficiency.

Different Agrobacterium strains have been reported to result
in different transformation efficiencies (Akramian et al., 2008;
Bauer et al., 2002; Dang and Wei, 2007; De Bondt et al., 1994;
Yong et al., 2006) as was observed in our study. EHA101,
GV3101, and LBA4404 are nononcogenic (disarmed) and have
been used for transformation of a large variety of plants. In
anthurium, all three strains have been used successfully in gen-
erating transgenic plants (Chen et al., 1997; Fitch et al., 2011;
Zhao et al., 2010). In this study, EHA101 (a supervirulent strain
with a derivative of the agropine/l,l-succinamopine-type Ti-
plasmid pTiBo542) (Hood et al., 1987) and GV3101, a de-
rivative of a nopaline type Ti-plasmid (Koncz and Shell, 1986),
were more effective in transient transformation of anthurium
than LBA4404 that contains a octopine type Ti plasmid. There
was some evidence that EHA 101 was somewhat more effective
than GV3101, particularly with ‘Local Pink’. In A. thaliana and
maize (Zea mays), GV3101 resulted in the highest transforma-
tion frequencies, whereas EHA 101 and LBA4404 had medium
and low transformation frequencies, respectively (Oltmanns
et al., 2010) suggesting the importance of screening a number of
Agrobacterium strains during optimization of transient assays.

Regardless of Agrobacterium strains used, the optimal growth
phase (that gave the highest transient transformation efficiency)
corresponded to OD600 of 1.5, which corresponds to the middle
exponential (logarithmic) growth phase for the strain used, con-
sistent with the results obtained by Gao et al. (2009). However,
previous studies of anthurium transformation have used an
OD600 of 0.8 (Fitch et al., 2011; Zhao et al., 2010) suggesting
that further optimization of stable transformation procedures
should be performed with respect to the optimal growth phase.

From the results obtained, Agrobacterium concentration has
a significant effect over a broad range of OD600 values from 0.1
to 1.5, consistent with those from several other studies (Fitch
et al., 2011; Kim et al., 2009; Santos-Rosa et al., 2008). The
number of Agrobacterium cells in the inoculum is considered to
be a critical factor in the efficiency of transformation. An ex-
cessive number of bacteria can stress plant cells and affect their
regeneration potential, whereas low concentration can reduce
the frequency of T-DNA transfer. Regardless of cultivar and
growth phase, the optimum cocultivation time was 2 d with
both cultivars KAIRI2010 and Local Pink. These observations
were consistent with those previously recorded (Hayden and
Christopher, 2004; Kuehnle et al., 2001).

In our study, the transient transformation efficiency improved
with infiltration time in the inoculum up to the 16-h time point,
after which there was a drastic decrease in transient trans-
formation efficiency. This decrease can be attributed to the
Agrobacterium overtaking the leaf discs, thereby increasing
the incidence of cell death of the leaf discs. In previous studies
investigating stable transformation of anthurium, the explants
were immersed anywhere from a couple of minutes (Chen and
Kuehnle, 1996; Chen et al., 1997) to 30 mins (Fitch et al., 2011;
Zhao et al., 2010) again suggesting that further optimization of
stable transformation protocols may lead to greater transforma-
tion efficiency.

Vacuum infiltration of Agrobacterium has been successfully
used for the stable transformation of recalcitrant plants such as
wheat, monterey pine (Pinus radiata), banana (Musa acuminata),
lentil, and radish (Raphanus sativus) (Acereto-Escoffie et al.,
2005; Adesoye et al., 2010; Amoah et al., 2001; Charity et al.,
2002; Curtis and Nam, 2001; Mahmaudian et al., 2002). Vacuum
infiltration, in our study, not only increased the proportion of
discs transformed, but also the area of the disc that is transformed
in ‘KAIRI2010’. However, cultivar Local Pink did not benefit
from this process often resulting in tissue death, indicating that
in anthurium, response to vacuum infiltration may be genotype-
dependent.

The data presented here demonstrate that anthurium leaves
can be used as a suitable system for carrying out transient ex-
pression studies and that optimal conditions for transient assays
vary with cultivar and Agrobacterium strain used. We have
shown in this study that using Agrobacterium strain GV3101
grown to an OD600 of 1.5 and resuspended to a final OD600 of
0.8 in infiltration medium 4 supplemented with 100 mM aceto-
syringone and 0.05% S240, for an infiltration period of 16 h and
a cocultivation time of 2 d, yielded optimal results for cultivar
Local Pink. Similar conditions were used for the transient
transformation of ‘KAIRI2010’ using infiltration medium 2 and
vacuum infiltration. Optimizing transient gene expression in tis-
sues that can be regenerated into transgenic plants may have
the added benefit of leading to the development of improved
methodologies for stable transformation in A. andraeanum.
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