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Abstract The biolistic method is reliable for delivering
genes of interest into various species, but low transforma-
tion efficiency can be a limiting factor in its application. To
test various conditions that could improve peanut transfor-
mation via particle bombardment, embryogenic tissues of
the peanut cultivar Georgia Green were co-bombarded with
two plasmids: one containing a green fluorescent protein
gene and one containing a gene of interest plus a selectable
marker. The fluorescence in bombarded embryogenic tissues
was measured to evaluate transformation efficiency. A 4.6-
fold improvement of transformation efficiency was achieved
in stably transformed peanut lines by introducing protamine
instead of conventional spermidine in a bombardment mixture
with 70 ng/shot plasmid DNA and 50 pg/shot gold.
Unexpectedly, the reduction of plasmid DNA from 700 to
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70 ng/shot produced transgenic lines with significantly in-
creased numbers of transgene copies. To determine the trans-
gene copy number during plantlet regeneration, relative
quantitative real-time polymerase chain reaction (qQPCR) was
established using fluorescently labeled universal library
probes. A correlation of 95% was found for estimation of
copy number between Southern blot and gPCR data. Given
its speed and high-throughput nature, qPCR can be employed
as an effective screening tool to separate high copy number
events from low copy number events as early as the shoot
formation stage of regeneration.

Keywords Transformation efficiency - Green fluorescent
protein - Protamine - qPCR

Introduction

Genetic transformation of peanut has been achieved by both
biolistic and Agrobacterium-mediated transformation. A num-
ber of genes have been delivered into the peanut genome by
co-cultivation with Agrobacterium tumefaciens (Li et al.
1997; Sharma and Anjaiah 2000; Rohini and Sankara Rao
2001; Anuradha et al. 2006; Bhatnagar-Mathur et al. 2007;
Tiwari et al. 2008; Yang et al. 2011); however, only a limited
number of peanut cultivars demonstrate relatively high trans-
formation efficiency. Most of the elite peanut cultivars from
the USA have not been transformed by Agrobacterium.
Virulence of the bacterial strains and host-bacteria interac-
tions may limit the success of Agrobacterium-mediated trans-
formation (Gelvin 2003). Zygotic embryos, cotyledonary
nodes, cotyledons, and leaves that can be regenerated by direct
organogenesis are all used as target tissues for Agrobacterium-
mediated transformation. The competency of these tissues for
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regeneration varies with genotype, and chimeric transgenic
plants can be recovered from these differentiated tissues
(McKently et al. 1995). On the other hand, biolistic transfor-
mation is a physical method for DNA introduction (Klein et al.
1987) and is less dependent on plant genotype, although
embryogenic competence can vary among genotypes (Ozias-
Akins et al. 1992). Due to the mode of proliferation of em-
bryogenic tissue through the formation of secondary embryos,
the recovery non-chimeric transgenic lines and germline
transformants can be high with targeting of embryogenic
tissues. Approximately 1-15% of bombarded peanut embryo-
genic clusters can produce transgenic lines (Ozias-Akins et al.
1993; Ozias-Akins and Gill 2001). Unfortunately, at least 1 yr
is required to recover a transgenic plant through peanut tissue
culture initiation, bombardment, and transgenic line regener-
ation. It is therefore of great interest to improve the transfor-
mation efficiency of bombardment.

Traditionally, bombardment involves coating microprojectiles
(either gold or tungsten particles) with DNA in the
presence of calcium chloride and spermidine (Klein et
al. 1989). The addition of spermidine in the coating
mixture stabilizes DNA structure and promotes the bind-
ing of DNA to gold particles (Klein et al. 1987; Thomas
et al. 1996). Protamine, another cationic polyamine, protects
coated DNA from DNase degradation longer than spermidine
and improves transformation efficiency by 3-fold in rice
(Sivamani et al. 2009). The amount of target DNA delivered
per bombardment in peanut transformation ranges from
150 ng to 1 mg (Livingstone and Birch 1999; Magbanua et
al. 2000; Yang et al. 2003; Athmaram et al. 2006). Reducing
the amount of DNA coated on the microcarriers improved
transformation efficiency and allowed recovery of more
single-integration events in maize (Lowe et al. 2009).

Development of transgenic lines with stable and consis-
tent levels of transgene expression is required for plant
genetic engineering. Transgene expression is affected by
many factors, including transgene copy number, integrity,
orientation, and host genomic context of transgene loci
(Iglesias et al. 1997). Particle bombardment often produces
complex integration patterns, such as multiple copies, trans-
gene rearrangements, and partial integration (Jackson et al.
2001). Simple transgene integration patterns (usually less
than four copies) often resulted in more stable transgene
expression or more consistent transgene-mediated host gene
silencing by RNA interference constructs (Yang et al. 1998;
Popelka et al. 2003; Altpeter et al. 2005; Livingstone et al.
2005; Chu et al. 2008b). Transgene expression is more
consistent when the transgene cassettes are intact, arranged
in a head-to-tail position, and preferably clustered in a gene-
rich compartment of the host chromosome (Iglesias et al.
1997; Huang et al. 2002; Altpeter et al. 2005). Transgene
silencing often occurs if the introduced DNAs are truncated
and/or integrated in highly repetitive regions of the host

genome (Matzke et al. 1994; Dorer and Henikoff 1997,
Iglesias et al. 1997; Garrick et al. 1998). Transgenic events
with high transgene copy numbers are undesirable since high
transgene copy numbers have been associated with reduced
transgene expression, instability over generations, and reduced
seed development/viability (Vain et al. 2002). Determination
of transgene copy number and elimination of transgenic lines
with high copy number as early as the shoot regeneration stage
would streamline the production of transgenic lines with high
expression potential. Conventionally, Southern hybridization
analysis is employed to estimate transgene copy number; it
requires several grams of fresh tissue for DNA extraction
(which is not feasible to obtain during the tissue culture stage)
and is labor intensive and expensive. During transgene inte-
gration, if restriction sites are altered or the transgenes are
arranged as concatamers, the number of hybridizing fragments
will not be equal to the transgene copy number. Fiber-
fluorescence in situ hybridization also has been used to deter-
mine the distribution and copy number of transgenes in the
host genome (Jackson et al. 2001), but this requires training in
cytogenetics and fluorescence microscopy and is unlikely to be
widely adopted. Quantitative real-time polymerase chain reac-
tion (qPCR) has been widely used for transgene copy number
studies. qPCR is a closed-tube analysis, because the accumu-
lation of PCR products is optically monitored at the end of
each PCR cycle due to the presence of DNA-binding fluores-
cent molecules. The cross-point (Cp) value of the amplification
curve is linearly correlated with the log of the initial concen-
tration of a target gene in the sample, which allows for quan-
tification of transgene copy number. gPCR has been used to
determine zygosity of transgenic plants and transgene copy
number in plants and animals (Ingham et al. 2001; Schmidt
and Parrott 2001; Song et al. 2002; Prior et al. 2006; Joshi et al.
2008; Omar et al. 2008; Yi et al. 2008; Gadaleta et al. 2011).
Previously, transgene zygosity in soybean and peanut was
evaluated by real-time PCR (Schmidt and Parrott 2001), but
transgene copy number has not been estimated by a real-time
method in transgenic peanut. It was our first objective to
bombard peanut embryogenic tissues with either protamine
or spermidine in combination with varied levels of plasmid
DNA to determine the conditions that improve peanut trans-
formation efficiency. The second objective was to perform
relative quantification of transgene copy number using an
endogenous gene, actin depolymerizing factor (ADF), as an
internal control. Feasibility of using real-time PCR to predict
transgene copy number of 29 lines was tested and compared
with Southern blot data.

Materials and Methods

Plasmid constructs. Two plasmids, p5S24EGFP.1 (Fleming et
al. 2000) and pPPCH-V-Arahl _si (Fig. 1), were used for co-
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Figure 1. Map of plasmid pPPCH-V-Arahl si

bombardment. In the Arahl_si plasmid, a 242-bp fragment of
Ara hl, starting from position 1,242 bp of an Ara hi complete
mRNA sequence (GenBank accession 1.34402), was used to
form an inverted repeat sandwiching a partial sequence for the
-glucuronidase (gus) gene (413 bp). The Ara hl silencing
construct was driven by a seed-specific promoter covering
660 to 1,546 bp of a Phaseolus vulgaris beta-type phaseolin
storage protein gene (GenBank accession J01263), whose
coding region starts from 1,547 bp (Fig. 1). A selectable
marker gene for hygromycin resistance (potato ubiquitin-3
promoter, iph cds, nos terminator) was included in the Arah
1_si plasmid but not in the p524EGFP.1 construct.

Genetic transformation and plant regeneration. Peanut
embryogenic tissue cultures were initiated from mature zygot-
ic embryos of the highly embryogenic peanut cultivar Georgia
Green and subcultured on embryo maintenance medium
(Ozias-Akins et al. 1993). Homogenous and translucent em-
bryogenic tissues were recovered and used for bombardment

Table 1. Combination of ingredients in each bombardment experiment

after subculturing every 3—4 wk for 5 to 6 mo. After bom-
bardment, all embryogenic tissues were kept in a dark incu-
bator at 28°C until regeneration was initiated.

Plasmid DNA was isolated with the Qiagen Plasmid mini
kit (Qiagen, Valencia, CA) and quantified with the Nanodrop
2000 (Thermo Scientific, Waltham, MA). Particle bombard-
ment was performed using a PDS 1000/He apparatus (Bio-
Rad, Hercules, CA). For coating microcarriers with DNA,
either spermidine (Sigma, St. Louis, MO) or protamine
(Sigma) was used with various amounts of 0.6-pm gold
particles (Bio-Rad) and plasmid to determine the most suitable
combination for peanut transformation (Table 1). Rupture and
vacuum pressures were kept at 12,410 and 95 kPa, respectively.
Briefly, six bombardment conditions were tested (Table 1),
resulting from a combination of two levels of plasmid DNA
(70 or 700 ng/shot; at both levels, the molar ratio of plasmids
pPPCH-V-Arahl si and p524EGFP.1 was kept at 1.5:1), two
levels of gold (50 or 500 pg; remaining ingredients varied
relative to gold concentration), and two coating agents for
DNA binding (spermidine or protamine).

Embryogenic tissues were arranged in a 2.5-cm-diameter
circle on a plate of maintenance medium and desiccated in a
laminar flow hood for 2—-3 h before bombardment. Six plates
of tissue were bombarded for each experiment. Experiments
P168 to P173 were performed on three consecutive days
using 5-mo-old embryogenic tissues. Microcarrier prepara-
tion and bombardment conditions for P168, P169, and P171
were repeated 2 mo later in experiments P175, P176, and
P177, respectively (Table 1). No statistical significance was
found between the experiment dates; therefore, data were
combined for analysis. Clusters of embryogenic tissue were
spread across 8.5-cm plates 1 d after bombardment, and a
number was assigned and tracked for each cluster during
subculture. Four days post-bombardment, clusters were
transferred to hygromycin (10 mg/L) selection on semi-
solid medium for 2 wk and maintained on hygromycin-
containing (20 mg/L) semi-solid medium for 4-5 mo.
Proliferating clusters towards the end of selection were
considered as putative transgenic lines.

Bombardment No. Condition Plasmids Gold CaCl, Protamine Spermidine
abbreviation” (ng/shot) (ug/shot) (ng/shot) (ng/shot) (ng/shot)

P168/P175 L/L/P 70 50 231 0.17 0
P169/P176 H/H/P 700 500 2,313 1.67 0

P170 H/L/P 700 50 231 0.17 0
P171/P177 H/H/S 700 500 2,313 0 48.3

P172 H/L/S 700 50 231 0 4.8

P173 L/L/S 70 50 231 0 4.8

“ First letter marks the level of plasmid being either low (Z; 70 ng/shot) or high (H; 700 ng/shot); second letter marks the level of gold being either L
(50 pg/shot) or H (500 pg/shot); and third letter marks the presence of either protamine (P) or spermidine (S)
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Green fluorescent protein signal monitoring. Expression of
EGFP was evaluated by observation of tissues 1 and 4 mo after
bombardment using a Zeiss SV11 epifluorescence stereomi-
croscope with a 480+30-nm excitation filter and a 515-nm
emission filter (Chroma Technology, Brattleboro, VT). At Imo
post-bombardment, three patterns of green fluorescent protein
(GFP) fluorescence in tissues were observed (Fig. 2). In type I,
the GFP signal was uniform throughout actively growing
tissue. In type II, the GFP signal appeared in localized areas
on actively growing tissue and showed chimeric transforma-
tion. In type 111, the GFP signal was at single spots. After 4 mo,
only type I GFP-positive clusters were counted. Since each
bombardment condition was tested on six plates, and each
plate was considered one biological replicate for that condi-
tion, GFP-positive signals of all types from one plate were
summed and divided by the number of embryogenic clusters
prior to bombardment. Data were analyzed by analysis of
variance and means separated by the Tukey test using SAS
software version 8.2 (SAS Institute, Inc, Cary, NC).

Regeneration of transgenic plants. Embryogenic hygromycin-
resistant tissues were regenerated as previously described
(Chu et al. 2008b). During the rooting stage, a small
piece of leaflet from each plantlet was aseptically
harvested for high-throughput DNA extraction (Xin et al.
2003). Primers for the hygromycin resistance gene cassette
(sense: 5'-CCCCAATGTCAAGCACTTCCG-3'; antisense:
5'-CCGCGACGTCTGTCGAGAAG-3") and/or phaseolin
promoter region of the Arah 1 si construct (sense: 5'-
GGCAATGTGTTTGTGTGTGGGTTG-3'; antisense:
GCCGCTCCCATTTGACACTACG-3") were used for PCR
amplification to eliminate escapes from selection. The 642-
bp amplicon of the phaseolin promoter region was also used
as the probe for Southern blot. Amplification of the
hygromycin resistance gene was carried out at 94°C for
5 min, followed by 35 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 30 s with a final extension at 72°C for
7 min and a 4°C soak. Amplification of the phaseolin

Figure 2. Three types of GFP
signal observed 1 mo post-
bombardment

promoter was the same as the above except that the annealing
temperature was set at 58°C. Only PCR-positive plantlets
were transferred to soil.

Southern blot analysis. Genomic DNA was extracted from
2-3 g young leaf tissue of primary regenerants using a CTAB
extraction procedure (Sharma et al. 2002). Genomic DNA
(20 png) was digested overnight with HindIIl (New England
Biolabs, Beverly, MA) to determine the transgene copy/insertion
number. Within plasmid pPPCH-V-Arahl si, HindIll has a
single recognition site between the phaseolin promoter and the
Ara hl inverted repeat (Fig. 1). Digested DNA was separated on
a 0.8% agarose gel and blotted onto Gene Screen Plus nylon
membrane (NEN Research Products, Boston, MA). The
phaseolin promoter probe was labeled with **P-dCTP and the
hybridization signal was detected with a Storm phosphor imager
(Amersham Biosciences, Pittsburgh, PA).

Relative quantification of transgene copy number by
gPCR. The phaseolin promoter from the vector and the
endogenous ADF sequences were submitted to the
Universal Probe Library website (Roche Applied Science,
Indianapolis, IN) for primer and probe design. A 78-bp
fragment of the phaseolin promoter was amplified by
primers (sense: 5'-TGAGGTGGCGGAAGAGAA-3', anti-
sense: 5S'-CCCACACACAAACACATTGC-3') and detected
by HybProbe #9 (cat. No. 04685075001, Roche Applied
Science). A 122-bp fragment of ADF was amplified by
primers (sense: 5'-CATTGCTTGGTAATGATTCCATAA-3',
antisense: 5'-GGGACCTTCAAACAGAAGCA-3") and
detected by HybProbe #140 (cat. No. 04694244001, Roche
Applied Science). The amplification of both products was
performed on the Roche LC480 under PCR conditions of
95°C for 10 min (denaturation step) followed by 45 cycles
of 95°C for 30 s and 55°C for 30 s. Fluorescent signal was
captured at the end of each cycle. Both probes #9 and #140
were FAM labeled; therefore, amplification of each gene was
performed in separate wells. qPCR was carried out in a total
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reaction volume of 10 uL containing 1x Roche Probe master
and 0.5 uM of each primer. HybProbe #9 for the phaseolin
promoter and HybProbe #140 for ADF were 0.5 and 0.1 uM,
respectively. DNA samples were quantified with the Hoechst
33258 dye (Calbiochem, Darmstadt, Germany) and diluted to
0.78 ug/uL with 1x Tris-EDTA buffer (pH 8.0). Diluted
genomic DNA (3.9 ng in 5 uL) was used for each reaction,
and all samples were tested in triplicate. Twenty-nine trans-
genic lines with distinctive Southern blot banding patterns
were included for qPCR study. The second derivative maxi-
mum method that identifies the Cp value at which the fluo-
rescence curve turns sharply upward was used to perform
advanced relative quantification of the transgene copy number
(LightCycler 480 software, version 1.5.0, Roche Applied
Bioscience).

Results and Discussion

The efficiency of bombardment was evaluated by analyzing
GFP data collected at both 1 and 4 mo post-bombardment
(Fig. 2). At 1 mo, three patterns of GFP signal were observed.
Type I GFP signal was typified by uniform expression in

Figure 3. Transient expression A
and transformation efficiency 05 - A
measured by GFP signal 08 -
counts divided by number
of embryogenic clusters 07
bombarded. a) Counted at 1 mo 06 -
post-bombardment; ») Counted

0.5 -

at 4 mo post-bombardment.

For bar labeling, the first letter
marks the level of plasmid
being either low (L; 70 ng/shot)
or high (H; 700 ng/shot);
second letter marks the level of

0.4 -

0.3

GFP signalfinitial cluster number

actively growing tissue, which would be expected upon si-
multaneous integration of both GFP and hygromycin-
resistance cassettes in cells undergoing secondary embryogen-
esis. Type Il GFP signal, that is, GFP expression in large areas
resulting in chimeric tissues, was probably produced from
targeting a cell that was part of a preexisting embryo, resulting
in the generation of partly transformed tissue, which will
likely sort out following continued selection. Type III GFP
signals were restricted to spots on the tissue resembling those
observed in transient expression assays. It is possible that
these cells were showing persistent transient expression or
were stably transformed and expressing GFP but lacked co-
integration of the hygromycin-resistance cassette; thus, they
could no longer divide on the selection medium. By 4 mo,
only type I GFP signal was observed, and overall GFP signal
dropped 4-fold. The GFP signal counts at 4 mo post-
bombardment could underestimate the total integration
events. First, most of the cells in which GFP, but not the
hygromycin-resistance gene, was integrated would be killed
by hygromycin. Second, multiple GFP integration events in a
cluster of tissue would be merged and become indistinguish-
able from one another after 4 mo of tissue culture. Regardless,
all experiments were screened for GFP signal at the same
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time; therefore, comparison of the number of surviving GFP-
positive clusters still could provide valuable information on
the effect of bombardment conditions on the recovery of
stably transformed events.

Significantly different transformation efficiencies based on
GFP counts were found over the six bombardment conditions
that had varied DNA, gold, and spermidine vs. protamine
levels (Fig. 3). At 1 and 4 mo post-bombardment, experiments
P168 and P175 showed the highest GFP expression frequen-
cy. Under this experimental condition, protamine was used at
170 ng/shot, gold at 50 ug/shot, and plasmid at 70 ng/shot
(L/L/P). Previously, 700 ng to 1 pg DNA and 500 ng
gold/shot in combination with spermidine was routinely used
for bombardment experiments (Ozias-Akins et al. 1993;
Singsit et al. 1997; Yang et al. 1998; Yang et al. 2003; Chu
et al. 2008a, b). Reduction of DNA by at least ten times in the
presence of protamine significantly increased the transforma-
tion efficiency over all the other conditions. Protamine was
shown to protect DNA from degradation by endogenous
cellular DNases longer than spermidine (Sivamani et al.
2009). With the same level of gold and plasmid DNA (com-
pare bombardment conditions in L/L/P and L/L/S), addition of
protamine significantly increased transformation efficiency by
15.2- and 4.1-fold at 1 and 4 mo, respectively. However, the
inclusion of protamine was not the sole reason for the increase
in transformation efficiency. When protamine was used with
700 ng DNA at 500 pg/shot gold levels (H/H/P), the transfor-
mation efficiency was not significantly different from those
experiments with spermidine (H/H/S). Therefore, the
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Figure 4. Southern blot of genomic DNA from transgenic lines
digested with HindIll and probed with a 642-bp amplified fragment
from the phaseolin promoter sequence. The lighter band of the doublet
in the plasmid control lane could come from incomplete digestion of
the plasmid DNA

combination of protamine with lower gold and plasmid levels
elevated the transformation efficiency.

Of the approximately 700 plantlets regenerated on
hygromycin-free medium after selection of embryogenic tis-
sues for 4-5 mo on hygromycin-containing medium, 64%
tested positive for the Aph transgene by PCR. The release
from hygromycin selection pressure during regeneration
could have encouraged the growth of residual nontransformed
cells. PCR genotyping for the presence of the transgene
among regenerated plantlets eliminated escapes from the
selection-free regeneration step. To further confirm transgene
integration, Southern blot analysis for the phaseolin promoter
in 40 primary regenerants that were PCR positive for iph
showed that 38 (95%) contained the gene of interest (Fig. 4).
This co-transformation frequency for linked genes is similar to
previous observations in peanut (Wang et al. 1998). The
number of hybridizing fragments on Southern blots varied

Table 2. Southern blot and qPCR estimation of transgene copy num-
ber in primary transgenic plants

Bombardment Primary Number of qPCR
condition plants bands estimation
70 ng DNA and 168-4-5 16 8.1
50 pg gold 168-5-4b 5 1.9
168-6-3a 2 0.8
168-6-5 2 0.7
175-1-11 12 5.8
175-1-20 16 7.2
175-1-28 6 22
175-1-3b 2 1.1
175-2-7 10 4.3
175-3-19 4 2.1
175-3-24 10 3.2
175-4-11 10 5.2
175-5-9 5 1.7
700 ng DNA and 177-2-16 3 1.3
500 pg gold 177-3-19 1 1.0
177-5-16 4 1.7
169-1-9 4 1.4
169-5-6 12 6.0
700 ng DNA and 170-1-9f 5 2.6
50 pg gold 170-2-13a 4 1.4
170-2-25a 7 3.0
170-3-8 2 1.0
170-5-14 11 6.0
170-5-24 3 0.7
170-6-5 2 1.3
172-3-12 5 1.3
172-3-19a 2 0.6
172-3-1¢ 3 1.0
172-3-7 2 0.5

@ Springer



272

CHU ET AL.

Figure 5. qPCR Amplification
plots generated by amplifying
2-fold dilutions of DNA
extracted from calibrator line
177-3-19. a, Amplification plot
of the endogenous ADF gene;
b, amplification plot of the
phaseolin promoter; ¢, standard
curves of ADF and phaseolin
promoter

from 1 to 16 among transgenic lines; patterns indicated that
most lines represented independent transgene integration
events (Table 2). Twenty-three lines had five or fewer copies,

@ Springer
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whereas eight lines had ten or more copies. Use of lower
concentrations of cassette DNA for bombardment can reduce
the complexity of integrations (Lowe et al. 2009). However, in
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our experiments, bombardments with 700 ng DNA produced
transgenic lines with significantly fewer bands and less com-
plex integration patterns than the experiments with 70 ng of
DNA (P<0.05). The lower level of DNA in our experiment is
still more than double the published range that produces
simpler transgene integration patterns. There may be a thresh-
old of DNA amount in the bombardment mixture for simpler
integration pattern that we have not yet approached. In addi-
tion, intact plasmids were used in our experiment instead of
the expression cassette only. Linearized transgene con-
structs without vector backbone have been shown to
reduce the complexity of transgene integration patterns (Fu
et al. 2000).

Using 30 independent transgenic lines, qPCR was
conducted to determine transgene copy numbers. Previously,
fluorophore-labeled TagMan probes or nonspecific double
stranded-DNA binding dyes such as Sybr green I were used
for qPCR (Song et al. 2002; Omar et al. 2008). In our study,
gene-specific amplicons were targeted for detection with uni-
versal library probes designed for transgene copy number
estimation. Similar to a TagMan probe, the universal library
probe is a hydrolysis probe labeled with a FAM reporter at the
5'-end and a quencher at the 3’-end. Our preliminary data
showed that the universal library probes gave specific ampli-
fication plots to both the phaseolin transgene and ADF en-
dogenous control genes (data not shown).

Two methods were previously used to quantify transgene
copy numbers; that is, absolute quantification by reference to a
standard curve and relative quantification using a calibrator.
Absolute quantification of transgene copy number relies on
the accurate quantification of DNA and establishment of a
standard curve (Livak and Schmittgen 2001; Bubner and
Baldwin 2004). An alternative is to perform relative quantifi-
cation by amplifying both the target transgene and an endog-
enous gene, whose copy number is constant relative to the
host genome. In parallel, a transgenic line with known trans-
gene copy number, preferably single copy, is chosen as the
calibrator. Normalization of the target gene Cp value by the
endogenous gene Cp value minimizes the effect of variation in
template DNA concentration. The fold change of the normal-
ized transgene Cp relative to that of a calibrator can be used to
derive the copy number of transgenic lines. The relative
quantification method is easier to perform than the absolute
quantification method since it does not require a standard
curve or precise quantification of DNA concentration.
However, it does require that the transgene and the en-
dogenous gene have similar amplification efficiencies
(Livak and Schmittgen 2001). ADF was chosen as the
reference gene. Separate reactions were carried out for
endogenous genes and transgene, since the probes were
both FAM labeled. Therefore, as long as the PCR effi-
ciencies for both genes are similar, the transgene copy
number can be evaluated.

One line that appeared to contain a single copy of the
transgene based on Southern blot hybridization, 177-3-19,
was used as the calibrator for copy number estimation.
Quantification of transgene copy number requires the detec-
tion sensitivity of gPCR to be able to discern a 2-fold change
of initial amount of DNA template. Amplification efficiencies
of both the ADF-coding region and phaseolin promoter were
determined from amplification plots of the calibrator line 177-
3-19 following a 2-fold dilution of DNA between 3.9 and
125 ng. The amplification efficiencies for ADF and phaseolin
promoter were 1.96 and 1.97, and the slopes were —3.42 and
—3.39, respectively (Fig. 5). Ideally, if every cycle of PCR
doubles the number of amplicons, the slope of the line should
be —3.32 and the PCR efficiency should be 2. Our amplifica-
tion plots for both genes suggest that the amplification condi-
tions are close to optimum to perform transgene copy number
quantification. The mean squared errors of the single data
points fit to the regression line of ADF, and promoter plots
were 0.00746 and 0.00503, respectively, indicating very little
variation across the technical replications of each sample.
Initially, 0.1 uM final concentration of HybProbe #9 for the
phaseolin promoter was used, and the fluorescent signal
peaked at 3.8, which was 4-fold lower than that of ADF,
making it impossible to calculate the standard curve. Upon
increasing the HybProbe #9 concentration to 0.5 uM, the
amplification fluorescent signal was strong enough to produce
a linear standard curve (Fig. 5). Subsequently, the quantifica-
tion of the phaseolin promoter was detected using 0.5 pM
final concentration of HybProbe #9.

The estimated transgene copy numbers ranged from 0.3 to
8. The correlation coefficient between Southern blot fragment
number and transgene copy number determined by gPCR was
0.95 (Fig. 6), which is comparable to previous reports

9.0

y =0.49x - 0.28
8.0 RZ=0.95

7.0
6.0 -
5.0

4.0

qPCR copy number

3.0

2.0

1.0

0.0+

number of bands

Figure 6. Correlation of transgene copy numbers determined by
Southern blot and gPCR

@ Springer



274 CHU ET AL.

(Ingham et al. 2001; Song et al. 2002; Shou et al. 2004).
Although both Southern blot and qPCR have been used to
detect transgene copy numbers, the intrinsic differences be-
tween detection methods may not allow similar conclusions to
be reached on determination of copy number (Bubner and
Baldwin 2004). Southern blots detect the presence of a se-
quence by hybridizing a probe to restriction-digested DNA
fragments. Incomplete digestion of DNA, alterations of re-
striction sites due to transgene integration/rearrangement, dif-
ficulty with inferring copy number in tandem repeats based on
intensity differences, limitations for resolution of high molec-
ular weight DNA fragments with standard agarose gel elec-
trophoresis, and blotting efficiency would affect the accuracy
of fragment number estimation. Particularly for the high copy
number events, it is difficult to count the number of bands in a
Southern blot image unambiguously. On the other hand,
gPCR detects the presence of a very small portion of a trans-
gene (usually less than 150 bp). Transgene rearrangement and
truncation could make qPCR data misleading. In our study,
the transgene copy number predicted by q-PCR is lower than
that of Southern blot estimation. Regardless, the gPCR data
are sufficient to distinguish high copy number events from
low copy number events. This is a distinct advantage given
that it usually takes 10-12 mo to regenerate transformed
peanut plants and obtain progeny in the greenhouse.
Eliminating high copy number lines at the regeneration stage
saves considerable labor and space in the greenhouse and
requires less than 1 d to process and evaluate 15 samples
on a 96-well plate by qPCR. Further efficiency can be
gained if the probes for the transgene and reference gene
are labeled with different fluorescent dyes to allow
multiplexing and testing of 30 samples per plate. This
level of high throughput analysis supersedes the conven-
tional Southern blot analysis, which takes at least 3—4 d
for one round of hybridization.

In conclusion, biolistic microcarrier preparation with
protamine in combination with 70 ng/shot DNA and
50 pg/shot gold significantly improved the transformation
efficiency of peanut embryogenic tissues. However, the
pattern of transgene integration was more complex in ex-
periments with 70 ng/shot DNA than with 700 ng/shot. The
effect of bombardment conditions on transgene integration
indicates the importance of optimizing bombardment con-
ditions. The establishment of a qPCR protocol for estimat-
ing transgene copy number would simplify the screening of
transgenic events as early as the shoot formation stage of
regeneration.
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