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Abstract Sonication-assisted Agrobacterium-mediated
transformation (SAAT) tremendously improves the effi-
ciency of Agrobacterium infection by introducing large
numbers of microwounds into the target plant tissue. Us-
ing immature cotyledons of soybean as explants, we eval -
uated the effects of the following parameters on transient
[B-glucuronidase (GUS) activity: cultivars, binary vectors,
optical density of Agrobacterium during infection, dura-
tion of sonication treatment, co-culture conditions, length
of explant preculture and addition of acetosyringone dur-
ing co-culture. The extent of tissue disruption caused by
sonication was also determined. The highest GUS expres-
sion was obtained when immature cotyledons were soni-
cated for 2s in the presence of Agrobacterium (0.11
ODggonm) followed by co-cultivation with the abaxial side
of theexplant in contact with the culture medium for 3 days
at 27°C. The addition of acetosyringone to the co-culture
medium enhanced transient expression. No differences
were observed when different cultivars or binary vectors
were used. Cotyledons sonicated for 2 s had moderate
tissue disruption, while the longer treatments resulted in
more extensive damage.
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Introduction

Agrobacterium provides one of the main vehicles for in-
troducing foreign DNA into plants. A number of plant spe-
cies (Wordragen and Dons, 1992; Fisk and Dandekar,
1993) and even yeast (Bundock et al. 1995) have been
transformed by Agrobacterium. However, Agrobacterium-
mediated transformation of many plants, including soy-
bean, remains inefficient. Agrobacterium-mediated trans-
formation of soybean has been reported using cotyledo-
nary nodes (Hinchee et al. 1988) and immature cotyledons
(Parrott et al. 1989), but the transformation frequencies
were very low and the plants recovered were often chi-
meric (Parrott et al. 1989).

In order to enhancetransformation rates, improvements
have been made in the delivery of the bacterium (Bidney
et al. 1992), and vectors have been modified to provide
congtitutive expression of vir genes (Hansen et al. 1994;
Ishida et a. 1996). Although transformation rates have
been significantly improved using these modifications, in-
creases in efficiency are still needed.

Recently, soni cation has been used to enhance Agrobac-
terium-mediated transformation of many different plant
species (Trick and Finer 1997). Sonication-assisted Agro-
bacterium-mediated transformation (SAAT) consists of
subjecting the target tissue to ultrasound while immersed
in an Agrobacterium suspension. The enhanced transfor-
mation rates using SAAT probably result from micro-
wounding, where the energy released by cavitation (Friz-
zel 1988) causes small wounds both on the surface of and
deep within the target tissue. Sonication enhances the de-
livery of naked DNA into tobacco protoplasts (Joersbo and
Brunstedt 1990) and seedlings (Zhang et al. 1991) but has
only recently been shown to enhance Agrobacterium-me-
diated transformation of plant tissue (Trick and Finer
1997).
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In thisreport, we describe the optimization of Agrobac-
terium-mediated transient transformation of immature cot-
yledons of soybean using SAAT. The effects of SAAT on
the structural integrity of the explants were also evaluated.

Materials and methods
Plant material

Immature pods of soybean [Glycine max (L.) Merrill], cvs ‘Jack’,
‘Chapman’ and ‘Kunitz’, were collected from plants grown in the
greenhouse under a 14-h light photoperiod at 28°C. Pods were disin-
fested ina20% commercial bleach solution containing 0.04% Tween-
20 for 20 min and rinsed four times in sterile water. Immature seeds
(4-5 mm in length) were aseptically removed from the pods and the
end contai ning the embryonic axiswas cut off and discarded. Thetwo
cotyledons were then removed from the seed coat, separated and
placed on D40 medium (Santarém et al. 1997) consisting of MS salts
(Murashigeand Skoog 1962), B5 vitamins (Gamborg et al. 1968), 6%
sucrose and 40 mg/| 2,4-dichlorophenoxyacetic acid (2,4-D), solidi-
fied with 0.2% Gelrite™ (Merck & Co, Rahway, N. J.), pH 7. Ex-
plants were maintained on D40 medium with or without 0.4 M man-
nitol for approximately 3 h until SAAT treatments were performed.

Bacterial strains, plasmids and culture conditions

Agrobacterium tumefaciens, strain EHA105 (Hood et al. 1993), was
used as host for all the plasmids. Plasmid plG121Hm (Hiei et al.
1994) or Vec035 were used for optimization work (Fig. 1). Plasmid
Vec035 was constructed by replacing the 3-glucuronidase (GUS)
gene in the plasmid pBIG-Hyg (Becker 1990) with an intron-con-
taining GUS gene from p35SGUSINT (Vancanneyt et al. 1990).

Agrobacterium was grown overnight in a modified Luria-Berta-
ni medium (Sambrook et al. 1989) containing half the normal level
of NaCl (5 g/l) and supplemented with 5 g/l sucrose and 50 mg/l ka-
namycin. Bacteria were centrifuged at 1500 g for 10 min, washed
twice with equal volumes of liquid D40 medium and re-centrifuged
as above. The bacterial pellet wasfinally resuspended in liquid D40
medium, and the ODggonm Was determined.

SAAT treatment

Ten cotyledonswere placed in 1.5 ml microcentrifuge tubes contain-
ing 0.5 ml of the Agrobacterium suspension. Cotyledons were gent-
ly resuspended and placed in afloat at the center of a bath sonicator
(PC5 model, 55 kHz, L& R Manufacturing Company, Kearny, N. J.).
The sonicator was controlled by an electronic timer. After SAAT
treatment, cotyledons were removed from the tubes, placed on ster-
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ilefilter paper to blot off excess bacteria and then transferred to co-
culture medium.

Pre- and post-SAAT culture conditions

To evaluate the effects of sonication duration, cotyledons were
sonicated for 0.1, 0.5, 1, 2, 5, 7 or 10 s using Agrobacterium at 0.1
ODggonm, @nd transient expression levels were recorded. In a
subsequent experiment, a combination of ODggyg,m, (0.05, 0.1 and
0.2) with different co-culture periods (2, 3 and 4 days) and temper-
atures of 23°C and 27° C was evaluated using a 2-s sonication treat-
ment.

To determine the effects of acetosyringone (AS) during the co-
culture period, we evaluated transient GUS expression using cotyle-
dons co-cultured on D40 medium with or without 100 um AS, after
sonication treatments of 2sand 5 s.

The effect of explant orientation was evaluated by placing the
cotyledons adaxial side facing up or down during co-culture after a
2-s sonication treatment. Transient expression was scored on both
sides of the cotyledons.

A preculture treatment period was evaluated using cotyledons
that were excised and either sonicated immediately or maintained on
D40 medium for 1, 2, 3 or 4 days before a sonication treatment of
2 sat 0.2 ODgponm-

After co-culturein all cases, cotyledonswererinsed in sterilewa-
ter, blotted dry on sterilefilter paper and placed on D40 medium sup-
plemented with 500 mg/l cefotaxime to prevent Agrobacterium
growth.

Wounding assessment

The contribution of sonication and Agrobacterium to overall tissue
response was determined by sonicating the cotyledons with or with-
out Agrobacterium. Control treatments consisted of either no treat-
ment or Agrobacterium with no sonication. Sonication was per-
formed for 2 s and 0.2 ODgggnm. IN @n attempt to control tissue dis-
ruption from the sonication, D40 medium containing 0.4 M manni-
tol was used for maintaining cotyledons prior to SAAT. Mannitol
(0.4 m) was aso added to the D40 medium used to resuspend the
bacteria. The OD 400.m, Of the plant/bacterial exudate after sonication
was measured as a means of damage assessment.

Histochemical GUS assays

Histochemical GUS assays were performed 2 days after transfer of
the cotyledons to the medium containing 500 mg/| cefotaxime. Cot-
yledons were placed in a GUS assay mix (Jefferson 1987) and incu-
bated overnight at 37 °C with shaking at 80 rpm. The GUS assay mix
wasremoved, and thetissuewasrinsed twicewith 70% ethanol. GUS
activity wasthen determined by placing the cotyledonson agrid and
estimating the percentage of the cotyledon surface that showed blue
sectors under a dissecting microscope.
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Electron microscopy

For scanning electron microscopy, cotyledons were fixed in 0.2 m
potassium phosphate buffer (pH 7.0) containing 3% glutaral dehyde,
2% paraformaldehyde and 1.5% acrolein for 2 h at room tempera-
ture. Samples were then dehydrated in an ethanol series (50-100%
ethanol at 10 min each), critical point-dried, sputter-coated with plat-
inum and viewed on a I SI-40 scanning electron microscope as de-
scribed earlier (Trick and Finer 1997).

Data analysis

Experiments were performed with three replicates per treatment.
Means of percentage of the cotyledon surface covered with blue sec-
tors were calculated. Transformed data (sg.rt+0.5) was analyzed by
ANOVA. Treatmentswere separated using Fisher’sL east Significant
Difference test (a =0.05).

Results and discussion
SAAT treatment

The duration of sonication had a dramatic effect on the
transient expression of GUS in immature soybean cotyle-
dons (Fig. 2A, Fig. 3A-D). When the cotyledons were
treated with Agrobacterium EHA105 (Vec035) without

Cotyledon surface facing the medium

sonication, an average of lessthan 1% of the surface of the
cotyledons expressed GUS (Fig. 2A; Fig. 3B). A tremen-
dous enhancement of GUS expression was observed when
sonication was applied aong with Agrobacterium
(Fig. 3C-D). Treatmentsranging from 0.5 sto 2 sgavethe
highest transient expression (Fig. 2A), although some
browning of the tissue resulted from the sonication treat-
ment.

Scanning electron microscopy revealed large amounts
of microwounding of the cotyledons (Fig. 4A—H). Cotyle-
dons treated with Agrobacterium without sonication
showed no surface microwounding (Fig. 4A,B), whilewith
a2-ssonication treatment, limited microwounding was ob-
served on the cotyledons (Fig. 4C,D). With thelonger son-
ication treatments of 5-10 s, the entire surface of the cot-
yledon became covered with microwounds (Fig. 4E—H).
When cotyledons were SAAT-treated for more than 10 s
but less than 30 s, 30% of the cotyledons turned white a
few daysfollowing culture and did not survive, while son-
ication treatments of more than 30 sresulted in severetis-
sue disruption and death of all cotyledons5 days after son-
ication (data not shown).

Although high-intensity ultrasound results in immedi-
atecell lysis(Joersbo and Brunstedt, 1992), sublethal doses
result in temporary suppression of RNA and protein syn-
thesisaswell asmoderate rupture of the cell walls (Joersbo
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Fig. 3A—F Transient expression of GUS in the adaxial surface of
SAAT-treated immature cotyledons of soybean using Agrobacteri-
um (Vec035) at 0.1 ODgyg,,m With a3-day co-culture. A Control (no
sonication; no Agrobacterium). B Agrobacterium-treated cotyledons
(no sonication), C, D SAAT-treated cotyledons on D40 medium
(C2s,D1059), E, F SAAT-treated cotyledons on D40-mannitol me-
dium (E2s,F 10s). Bars: 1 mm

and Brunstedt, 1992). The cell-wall disruption caused by
the lower energy ultrasonic frequency utilized in the
present study isapparently very useful for Agrobacterium-
mediated transformation. The wounding may aid in the
production of signal phenolics (Stachel et al. 1985) and en-
hance the accessibility of putative cell-wall binding fac-
tors (Lippencott and Lippencott 1969) to the bacterium.

Although theaverage GUSexpression abtained with 2- and
10-s sonication treatments did not differ statistically, the
large extent of microwounding observed with the longer
treatment (Fig. 4C—H) indicated that the 2-streatment was
more suitable for further experiments.

The enhancement of transient GUS expression due to
SAAT treatment was not genotype specific. No difference
was observed among the three cultivars (‘ Jack’, ‘ Chap-
man’ and ‘Kunitz') tested (Fig. 2B). Furthermore, there
was no differenceintransient GUS expression when either
of the two different binary plasmids were used (Fig. 2B).
The effect of plant genotypes has been reported for severa
species. Wordragen and Dons (1992) suggested that the
difference in response among cultivars could be caused by
differential response to the wounding stress. However, our



y gl DN = Vs

Fig. 4A—H Scanning electron microscopy of adaxial surfaceof son- 0s). Barson A, C, E, and G represent 100 um
icated immature cotyledons of soybean. A, B Agrobacterium-treat- H represent 10 um
ed cotyledons; no sonication. C-H SA eated cotyledons (C, D




Table1l Effect of ODggonm, temperature and duration of the co-cul-
ture period on transient expression of immature cotyledons of soy-
bean sonicated for 2 s

Temperature Co-culture Transient expression (%) ?
period ODggonm Of Agrobacterium
(days)

0.05 0.1 0.2

23°C 2 0.3d" 0.4d 55cd
3 18.8b 19.8b 195b
4 20.0b 226b 21.3b

27°C 2 45cd 82c 12.8c¢c
3 28.8a 36.0a 320a
4 29.3a 323a 36.0a

2 Percentage of surface area showing blue sectors as average of three
replications with ten cotyledons each

b Means followed by the same letters are not significantly different
at the 0.05 level according to Fisher's Least Significant Difference
test

results indicated that the use of sonication to mediate the
Agrobacteriuminfection could minimize or alleviate these
differences. The cultivar ‘Jack’ and EHA105 containing
the binary vector Vec035 were used for the remaining ex-
periments.

Pre- and post-SAAT culturing conditions

Transient GUSexpressionin SAAT-treated cotyledonswas
affected by both temperature and length of co-culture pe-
riod but was not significantly influenced by the density of
the bacterial suspension (Table 1). The highest GUS ex-
pression was observed after 3- or 4-days of co-culture at
27°C, regardless of the ODgqyonm Used. At 23°C, the high-
est GUS expression was also observed after a 3- or 4-day
co-culture period; however, transient expression waslower
than at 27°C. Although a 2-day co-culture is commonly
used (Holford et al 1992; Muthukumar et al 1996), alonger
co-culture period of 3 or 4 days can improve transforma-
tion efficiency using Agrobacterium (Ducrocq et al. 1994).
De Bondt et al. (1994) reported that a 4-day co-culture of
Malus explants with Agrobacterium could be used but that
bacterial overgrowth became problematic with thislonger
co-culture period. Temperature also affects the efficiency
of T-DNA transfer (Fullner and Nester 1996). In stem seg-
ments of soybean infected with Agrobacterium, co-culture
at 25°C enhanced transient expression while higher tem-
peratures suppressed the transfer of T-DNA (Kudirkaet al.
1986). Temperature can also affect pilus formation in Ag-
robacterium, which may be involved in T-DNA transfer
(Fullner et al. 1996). Pilusformation was observed at 19°C
but was only rarely observed at 28°C. The results obtained
with soybean immature cotyledons indicated that the best
conditionsfor co-cultureafter SAAT treatment were 3 days
at 27°C.

Co-culture of soybean cotyledons with acetosyringone
greatly increased transient expression following SAAT
treatment (Fig. 2C). Although some blue foci were ob-
served in control cotyledons (no AS), with or without son-
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ication, a significant increase in transient expression re-
sulted from SAAT treatments followed by co-culture with
AS. Acetosyringone has been shown to enhance the tran-
sient expression of GUSin different species (Atkinson and
Gardner 1991; James et al. 1993) due to activation of the
vir genes (Stachel et al. 1985). Although the pH used in
the plant medium in the present study has been reported to
inhibit vir gene induction (Stachel et al. 1986), a microen-
vironment favorablefor vir gene induction could be estab-
lished on the surface of the soybean cotyledons which was
not in contact with the pH 7 medium. Our results conclu-
sively show that the addition of acetosyringone after
wounding enhances transient expression regardless of the
length of the sonication treatment.

The location of GUS activity was strongly influenced
by the orientation of the explants during the co-cultivation
period. The highest transient expression was always ob-
served on the side of the cotyledon that was not in contact
withthe culture medium (Fig. 2D). Itisunclear if transient
expression wasreduced on the side of the cotyledonin con-
tact with the culture medium or enhanced on the other side
of the cotyledon as a result of the rapid divisions in this
tissue (Santarém et al., 1997). As high pH isinhibitory to
vir gene induction (Stachel et al. 1986), it is possible that
the low GUS expression on the side of the cotyledon in
contact with the medium resulted from alocalized high pH
inhibition of vir gene induction. Restricted culture aera-
tion, on the side of the tissue in contact with the medium
could also have resulted in reduced vir gene induction
(Stachel et al. 1986). Sonicated explants were therefore
cultured abaxial side facing the co-cultivation medium so
that the highest expression would bein the adaxial surface
tissue, which typically gives rise to large numbers of so-
matic embryos (Santarém et al. 1997).

Since DNA synthesis appears to be required in host
cells for the incorporation of T-DNA (Villemont et al.
1997), the effects of induction of cell division in the tar-
get tissue were evaluated prior to the SAAT treatment by
performing a preculture timecourse using D40 medium.
The highest transient expression was observed using ex-
plants that were sonicated immediately after explant ex-
cision (29.5%). Cotyledonsthat were precultured for 1, 2,
3 or 4 days and then SAAT-treated had 12.8%, 11.2%,
4.2% and 4.3% respectively of their surface showing GUS
expression. In Datura innoxia and Vigna ungiculata the
highest transformation efficiency was obtained after a
1-day preculture and decreased 50% after 8 day (Ducrocq
et al. 1994; Muthukumar et al. 1996). In Arabidopsisthal-
iana, the highest transient GUS expression was observed
after 4 days of preculture (Sangwan et al. 1991). Kudirka
et a. (1986) did not observe an enhancement of transfor-
mation efficiency of the stem segments after the precul-
ture period. Our results indicated no beneficial effect on
transient transformation efficiency from the preculture of
soybean cotyledons on induction medium. The effects of
preculture may need to be re-evaluated for stable trans-
formation work asthe mitotic state of thetarget tissue may
have different effects on transient and stable transforma-
tion.
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Table2 Comparison between immature cotyledons excised and
sonicated in D40 medium or D40 0.4 M mannitol. Sonication treat-
ment was 2 s with the Agrobacterium diluted to 0.2 ODgygnm

Treatment OD 4 Of exudate?® Transient expression (%) °
duration
(s D40 D40- D40 D40-
mannitol mannitol
2 0.582 0.151 25.2a° 18b
5 0.764 0.357 24.4a 14b
10 0.995 0.433 252a 14b

aBlank consisted of sonicated Agrobacterium alone

b Percentage of surface area showing blue sectors as average of three
replications with ten cotyledons each

¢ Means followed by the same letters are not significantly different
at the 0.05 level according to Fisher’s Least Significant Difference
test

Damage assessment

Although SAAT of soybean cotyledons resulted in high
levels of transient expression, browning and callus forma-
tion was apparent in many cases. To determine what was
involved in the browning, we sonicated the explantsin the
presence or absence of Agrobacterium. Based on observa-
tions of embryo induction and browning, it appeared that
Agrobacterium alone was not detrimental to tissue growth
compared to the minus-Agrobacterium control. On the
other hand, soni cation of the cotyl edonseither with or with-
out Agrobacterium resulted in callus formation with some
browning of that tissue. When sonication treatmentslonger
than 5 s were used, the primary response of the immature
cotyledons to form somatic embryos was diminished or
eliminated. In order to obtain stable transformation of this
target tissue, the intensity of the sonication treatment
should be carefully monitored to control microwounding
and cell disruption.

To estimate the extent of wounding caused by sonica-
tion, we measured the OD 440, Of the bacterial suspension
after various sonication treatments (Table 2). Light absor-
bance of a plant/bacterial exudate at 400 nm gives an ap-
proximation of tissue disruption. Longer sonication treat-
ments resulted in higher plant exudate concentrations and
consequently higher optical density readings (Table 2).
When cotyledons were excised and SAAT-treated in D40
medium containing 0.4 M mannitol, adecreasein OD 40nm
was observed in this exudate solution indicating less tis-
sue wounding (Table 2). Scanning electron microscopy of
cotyledons excised and SAAT-treated in either D40 me-
dium or D40 medium with 0.4 m mannitol revealed pro-
tection of the mannitol-treated tissue from wounding (data
not shown). However, the transient expression of the cot-
yledons treated with mannitol was also reduced (Table 2,
Fig. 3E, F). Mannitol could act to protect the target tissue
by causing cell plasmolysis, reducing turgidity and dimin-
ishing sonication-induced microwounding. Although os-
motic treatment enhanced parti cle bombardment-mediated
transformation of soybean and maize suspension culture
material (Vain et al. 19934, b), it was clearly not effective

in enhancing transient transformation of soybean cotyle-
dons using SAAT. The effectiveness of the SAAT treat-
ment was apparently influenced by the water concentra-
tion or turgidity of the target tissue.

We report here a new technique which enhances the ef-
ficiency of Agrobacterium infection of plant cells. Imma-
ture cotyledons of soybean were very responsive for tran-
sient expression studies and were used for optimization of
SAAT. While stable transformation of embryogenic sus-
pension cultures of soybean has already been obtained us-
ing SAAT (Trick and Finer 1997, 1998), the stable trans-
formation of soybean cotyledons as well as other plants
and target tissues are still being evaluated.
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