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Abstract The utility and commercial potential of genetical-
ly engineered (GE) plants would benefit from the use of site-
specific recombination systems that enable efficient exci-
sion of the marker genes used to identify transformants.
Although wheat is one of the most important food crops in
the world, GE varieties have yet to be put into commercial
production. To develop the Bxb1 recombination system
(derived from the Mycobacterium smegmati bacteriophage
Bxb1) for site-specific marker gene removal in transgenic
wheat, we used biolistics to introduce into the wheat ge-
nome a codon optimized Bxb1 recombinase gene (BxbNom)
under the control of the maize ubiquitin-1 promoter (Ubi1).
Recombinase activity was monitored using a GUSPlus re-
porter gene activation assay. BxbNom recombinase-
mediated excision of an att site-flanked stuffer DNA frag-
ment activated β-glucuronidase reporter activity in callus,
endosperm, and leaves in transient assays. The system also
detected activity in leaves and endosperm of progeny of
multiple independent transgenic wheat lines stably express-
ing BxbNom. Our results demonstrate that the Bxb1 recom-
binase is heritable in transgenic wheat plants and performs
site-specific excision, providing a useful tool for generating
marker-free GE plants. Establishment of wheat lines capable

of efficiently excising unneeded marker genes removes one
potential barrier to commercial deployment of GE wheat.
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Abbreviations
GUSPlus Staphylococcus sp. β-glucuronidase gene
eGFP Enhanced green fluorescent protein

Introduction

Plant biotechnology has the potential to produce crops with
increased yield, resistance to key stresses like disease and
drought, improved bioenergy production, and improved food
products that provide valuable health benefits. Increases in
crop yields can reduce land use, while still meeting food, feed,
and fiber needs. Currently, genetically engineered (GE) crops
under cultivation contain modified traits (e.g., herbicide or
pest resistance) conferred by the presence of one or two trans-
genes of interest and are in use by many farmers worldwide
(James 2011). Despite these benefits, biotechnology remains
controversial (Herring 2008), and the deployment of geneti-
cally engineered plants in the field has elicited criticism from
some quarters. Among the concerns that have been expressed
are unintended effects on metabolism due to DNA insertion
(Cellini et al. 2004), disruption of native genes at the sites of
integration (König et al. 2004), the possibility of multiple
insertions and/or DNA rearrangements of the integrating
DNA (Cellini et al. 2004), and the potential for transgene flow
into other crops or wild relatives growing in the surrounding
environment (Gressel 2010). In addition, the retention of
unneeded marker genes and their encoded proteins in
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transgenic plants raises concerns about their safety for human
consumption (König et al. 2004).

New tools are being developed with the goal of making
GE technology more precise and more acceptable to the
public. Removal of selectable marker genes from plants
destined for commercial production would address concerns
about their safety and the potential for the transfer of these
transgenes to related plants in the environment. Removal of
the selectable marker also would allow reuse of the same
selection regime for subsequent rounds of gene transfer.
Site-specific recombination was among the first of several
methods used to generate transgenic plants without selection
transgenes (Dale and Ow 1991; Russell et al. 1992). Re-
cently, a number of marker deletion strategies with various
recombinase systems have been successfully applied to food
crop species (Ballester et al. 2007; Cao et al. 2006; Chawla
et al. 2006; Cuellar et al. 2006; Djukanovic et al. 2008; Gils
et al. 2008; Hoa et al. 2002; Hu et al. 2008; Kerbach et al.
2005; Lyznik et al. 1996; Radhakrishnan and Srivastava
2005; Sreekala et al. 2005; Srivastava and Ow 2003;
Srivastava et al. 1999; Zhang et al. 2003).

Cre-lox is a well-known site-specific recombination sys-
tem that has been successfully utilized for marker gene
deletion (Russell et al. 1992), site-specific gene integration
(Albert et al. 1995; Day et al. 2000; Srivastava and Ow
2002, 2004), chromosomal translocation (Qin et al. 1994),
and other genomic applications. While this system is quite
versatile for genomic manipulations, it and other small
tyrosine family recombinases have the disadvantage that
the reactions they catalyze are readily reversible, making
targeted integration applications less efficient (Albert et al.
1995; Srivastava and Ow 2004; Thomson et al. 2003; Zhao
et al. 2003).

Because they have uni-directional modes of action, site-
specific recombinase systems of the large serine family,
such as Bxb1-att and phiC31-att, are potentially more pow-
erful than the small tyrosine family recombinases as tools
for the genomic manipulation of plants and other organisms.
Large serine recombinases act on two unique recognition
sequences, known as the attachment sites attB and attP, to
yield the product sites known as attL and attR (Wang et al.
2011). Depending on the relative orientation of the attB and
attP sites, the reaction can result in excision, inversion, or
integration of sequences between the attachment sites and is
not reversible unless an additional protein, an excisionase, is
present. Several recombinase systems of this type including
phiC31 (Thomason et al. 2001; Thomson et al. 2010), Bxb1,
TP901-1, and U153 (Thomson and Ow 2006; Yau et al.
2011) have been shown to function in eukaryotic cells.

Bxb1 is a 500 amino acid protein that binds minimal
recognition (attachment) sites attP and attB that are 39 bp
and 34 bp, respectively, and enzymatically executes recom-
bination (Ghosh et al. 2003). In vitro studies on the Bxb1

system have shown that it can catalyze site-specific recom-
bination in the absence of other proteins or high-energy
cofactors (Kim et al. 2003). The first plant study on the
Bxb1–att system demonstrated its functionality in tobacco
protoplasts (Yau et al. 2011) and Arabidopsis (Thomson et
al. 2012). The Bxb1 system has also been shown to func-
tion in mammalian tissue culture (Keravala et al. 2006;
Russell et al. 2006).

In this investigation, we have developed a transient ac-
tivity assay to detect stably transformed wheat expressing
functional Bxb1 or Cre site-specific recombinases. The
recombinase activity assay utilizes a sensor construct com-
prising an inactive reporter containing a loxP/att-flanked
stuffer region located within the intron of the maize
ubiquitin-1 promoter (Ubi1). When the stuffer region is
removed via recombination, the maize ubiquitin promoter
produces a functional transcript that encodes the readily
detectable GUSPlus reporter enzyme. We have utilized this
strategy to investigate Bxb1 recombinase function in trans-
genic wheat plants.

Materials and Methods

DNA Constructs

DNA vectors were constructed using standard recombinant
DNA techniques (Sambrook 2001). Plasmid pUbi-BxbNom
(Fig. 1a) was constructed by inserting a monocot codon
optimized Bxb1 coding sequence with an added C-
terminal nuclear localization signal (BxbNom, synthesized
by GenScript, Piscataway, NJ; Online Resource 1) into the
BamHI and SpeI restriction sites of the pUbi–BASK vector.
The pUbi–BASK vector was derived from the pAHC20
vector containing the Ubi1 promoter (Christensen and Quail
1996) as follows. The EcoRI site within the Ubi1 intron was
removed with site-directed mutagenesis. The bar coding
sequence was excised with BamHI and KpnI and a synthetic
BamHI–AscI–SpeI–KpnI oligonucleotide was ligated in its
place. The expression cassette is terminated by the nos 3′
polyadenylation sequence.

Plasmid pGUNG–BxbBP (Fig. 1b) was constructed to
include a loxP/att-flanked transcription terminator cassette
embedded as a stuffer fragment within the maize Ubi1
promoter first intron (Christensen and Quail 1996). The
presence of this terminator cassette blocks Ubi1-mediated
expression of the Staphylococcus sp. GUSPlus (http://
www.cambia.org/daisy/bioforge_gusplus/3705.html) report-
er gene (Broothaerts et al. 2005). Bxb1 or Cre-mediated
recombination is expected to remove the loxP/att-flanked
terminator cassette from the intron and allow uninterrupted
GUSPlus transcription from the Ubi1 promoter (Fig. 1c).
The expression cassette is terminated by the nos 3′
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polyadenylation sequence. Upstream and in the opposite
orientation (i.e., the promoters are contiguous and facing
opposite directions) is a double enhanced 35S promoter:
eGFP:nos3′ expression cassette.

Plant Materials

Transformation was achieved by particle bombardment of
immature embryos of hard white spring wheat ‘Bobwhite’
using methods slightly modified from those described pre-
viously (Blechl et al. 2007). Briefly, 0.6 μm gold particles
(BioRad, Richmond, CA, USA) were coated as described
(Weeks et al. 1993) with plasmids pUbi–BxbNom and

pAHC20 (Ubi1:bar:Nos3′) (Christensen and Quail 1996)
in 2:1 or 3:1 molar ratios. After bombardment, embryo-
derived callus was cultured without selection for 2 weeks
in the dark on MMS media (Okubara et al. 2002) containing
40 g/l maltose and 2 mg/l 2,4-D, followed by 2 weeks in the
dark on the same media containing 2 or 3 mg/l bialaphos
(Meiji Seika Kaisha, Tokyo, Japan). For shoot induction,
embryogenic calli were cultured on MMS media containing
0.2 mg/l 2,4-D and 3 mg/l bialaphos for 2–8 weeks with
transfers to fresh media every other week. Shoots that
formed were rooted on media (Weeks et al. 1993) containing
3 mg/l bialaphos. Plantlets that formed roots on the selection
media were transplanted to soil and acclimated to lower
humidity over a period of 5–10 days in a growth chamber
(23°C, 16 h light/8 h dark). After 5 days, small leaf samples
were cut for isolation of DNA and PCR analysis, or in later
experiments, for the recombination detection transient assay
described below.

Transgenic wheat line, ‘Cre37’, which expresses the Cre
recombinase from the maize Ubi1 promoter in the ‘Bob-
white’ background (Srivastava et al. 1999), was used as a
positive control for pGUNG–BxbBP functionality.

RNA Blot Analysis

Wheat total leaf RNA was isolated using TRI Reagent
(Sigma-Aldrich, St. Louis, MO, USA) with chloroform
washes. Isopropanol and sodium acetate were used to pellet
the RNA. The pellet was rinsed with 70 % ethanol and
resuspended in RNase-free water. Five micrograms of each
RNA sample was separated on a 1 % agarose gel containing
2 % formaldehyde and transferred onto Hybond N+ (Amer-
sham Biosciences, Piscataway, NJ, USA) membrane using
20× SSC buffer (Sambrook 2001). The RNA was cross-
linked to the blot using a UV Stratalinker 2400 (Agilent
Technologies, Santa Clara, CA, USA). For the probe, a
1,550-bp BxbNom fragment was amplified with primers
BxbNom F60 5′-GGATCCATGGGGAGAGCTCTCG-3′
and BxbNom R60 5 ′-CACACTTTCCGCTTTTTC
TTAGGC-3′ (Fig. 1a). The BxbNom DNAwas radioactively
labeled with αP32-dCTP using the NEBlot kit (New Eng-
land Biolabs, Ipswich, MA, USA) and purified through
ProbeQuant G-50 microcolumns from Amersham Bio-
sciences. Blot hybridizations were performed using the
Sigma PerfectHyb™ Plus hybridization buffer (Sigma-
Aldrich) as recommended by the manufacturer. Hybrid-
ized blots were washed to 1× SSC 0.1 % SDS at 50°C.
The radioactive signal present on the blot was detected
using a Molecular Dynamics Storm 820 Phosphoim-
ager™ (Sunnyvale, CA, USA). IMAGEQUANT software
(Molecular Dynamics) was used to view and export the
blot image.
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Fig. 1 Schematic representation of recombinase activity assay con-
structs. a Bxb1 recombinase (BxbNom) expression cassette. b Recom-
binase activity detection vector pGUNG–BxbBP. GUSPlus reporter
gene expression is inhibited due to the terminating “stuffer” sequence.
c Circular products of Bxb recombinase-mediated excision. The
pGUNG–BxbBPexc expresses the GUSPlus reporter. The abbrevia-
tions are as follows: PUbi maize ubiquitin promoter, T 3′ Nos termina-
tor, In5′ maize ubiquitin first intron 5′ fragment, tron3′ maize ubiquitin
first intron 3′ fragment, GUSPlus β-glucuronidase gene sequence,
db35S double enhanced CaMV 35S promoter, eGFP enhanced Green
Fluorescent Protein gene. The thick black and gray arrows are loxP and
att recombinase recognition sequences, respectively. The 782-bp Ubi::
BxbNom PCR amplicon from wheat genomic DNA using primers
w and x is shown as the dotted line in (a). The 1,550-bp fragment from
the BxbNom coding region used as a probe for RNA blot hybridization
is shown as a solid line in (a). The 1,175-bp Ubi::loxPattL::GusPlus
PCR amplicon from pGUNG–BxbBPexc using primers y and z is
shown as the dotted line in (c). Excision product for Cre-mediated
recombination is not shown
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Molecular Analysis

Genomic DNA from leaves of T0 and T1 plants was isolated
and used for PCR amplification with the Extract-N-Amp
Plant PCR kit (Sigma, St. Louis, MO, USA) as specified by
the manufacturer. For detection of the BxbNom transgene,
forward primer w 5 ′ -CCTGCCTTCATACGCTAT
TTATTTGC-3′ from the Ubi1 gene promoter and reverse
primer x 5′-CCTTGTGGTTCCCTACCTTGGAGTTG-3′
from the BxbNom gene were used to amplify a 782-bp
fragment (Fig. 1a). The amplification was performed for
35 cycles with a 1-min denaturation at 96°C, a 1-min
annealing at 60°C, and a 1-min extension at 72°C followed
by a final elongation step at 72°C for 15 min. As an internal
control for wheat genomic DNA purity, a 228-bp fragment
was amplified from the wheat high molecular weight glu-
tenin Glu-D1-2b gene in the same reaction tubes, using the
primers YF1-Dy10 5′-AGCAGCTCCGAGATGTTAGC-3′
and YR1-Dy10 5′-TGGCCTGGATAATATGACCC-3′
(Altenbach et al. 2002). Fragments were separated on
1.2 % agarose gels in TAE buffer (Sambrook 2001).

For detection of the 1,175-bp pGUNG–BxbBPexc frag-
ment (Fig. 1c) after bombardment of transgenic and wild-
type leaves with pGUNG–BxBP, DNA isolated as above
was subjected to PCR amplification using the “Phire Hot
Start II DNA Polymerase” kit (New England Biolabs).
Primers y (5′-AACCAGATCTCCCCCAAATC-3′) and z
(5′-CCATGGCTGCAGAAGTAACA-3′) (Fig. 1c) were
mixed with 2 μl of leaf DNA in a total reaction volume of
50 μl. Amplification conditions were as follows: 95°C,
5 min, one cycle; 95°C 30 s, 62°C 22 s, 72°C 10 s, 32
cycles; 72°C 5 min, one cycle; 18°C hold.

Development of a Bxb1 and Cre Recombination Detection
Transient Assay

Wheat ‘Bobwhite’ tissues used for the detection transient
assay were embryos and endosperm excised from caryopses
about 3 weeks after anthesis, callus derived from the scutel-
lum of embryos excised from caryopses 10 days after
anthesis and cultured on MMS media with 2 mg/l 2,4-D
for 1 week, and leaves of various ages (also see below). The
tissues were arranged to cover at least 2.5 cm in the center of
9-cm-diameter Petri plate containing either MMS media
supplemented with 0.5 M sucrose (embryos, endosperm,
calli) or sterile filter paper (leaves). The tissues were bom-
barded with 1 μM gold particles (Seashell, La Jolla, CA,
USA) coated as specified by the manufacturer with a total of
11.25 μg of DNA from plasmids pGUNG–BxbBP or
pAHC15 (Ubi:GUS) (Christensen and Quail 1996) or
pGUNG–BxbBP + pUbi–BxbNom. The rupture disc pres-
sure was 1,100 psi and the distance between the macro-
carrier and the target was 9 cm. After approximately 16 h,

the tissues were viewed under a Leica MZ16F stereomicro-
scope (Leica Microsystems, Bannockburn, IL, USA) with
an attached Retiga 2000R FAST Cooled Color 12-bit digital
camera (Q Imaging, Pleasanton, CA, USA) and an XCite
120 Fluorescence Illumination System (EXFO Life Scien-
ces, Mississauga, ON, Canada). A 450–490 nm excitation
and 515 nm barrier/long pass fluorescence filter set was
used for visualization of the GFP fluorescence activity and
then the tissues were histochemically stained for GUS activ-
ity with 1 mM X-Gluc (Gold Biotechnologies, St. Louis,
MO, USA) essentially as previously described (Jefferson
1987). Bombarded tissues were submerged in 1–2 ml of
the staining solution, vacuum-infiltrated for 5–20 min, and
incubated at 37°C overnight. Following staining, the leaves
were treated with several changes of 70 % or 95 % ethanol to
remove the chlorophyll.

For the earliest detection of Bxb1 activity in plants trans-
formed with pUbi–BxbNom, T0 leaves from plantlets 5–
10 days after removal from tissue culture were bombarded
with pGUNG–BxbBP and stained for GUSPlus expression
as above. Although such tissues clearly contained cells with
histochemical staining (Online Resource 2a), they typically
also contained areas of dead cells in the centers of the
bombardment zone. In subsequent experiments with T1

seedlings that had been shown to contain pUbi–BxbNom
transgenes by PCR amplification, we noted that leaves from
plants acclimated to growth in the greenhouse withstood
bombardment better and the results of the transient assay
were clearer (Online Resource 2b). Reporter activity could
readily be visualized, even in the cells in the center of the
bombardment zones, and the stained cells were larger and
more numerous (Online Resource 2b).

Other tissues tested included embryogenic calli, endo-
sperm, and embryos of wheat. All supported expression of
the Ubi:GUS positive control (Fig. 2 and Online Resource 3).
Wild-type wheat callus and leaves did not exhibit reporter
gene activity following bombardment with the pGUNG–
BxbBP construct (Figs. 2 and 5), but the embryos and occa-
sionally the dorsal (embryo) sides of endosperm exhibited
GUS positive cells indicative of leaky expression in these
tissues of the interrupted (un-excised) GUSPlus cassette of
pGUNG–BxbBP (Online Resource 3). Thus, only embryo-
genic callus, leaves, and the ventral (crease) side of endosperm
tissues were useful for recombinase activity assays.

Results

Detection of Recombinase Activity via a Transient Assay
Utilizing the pGUNG–BxbBP Sensor Construct

To develop a unidirectional recombinase system that func-
tions in wheat, we devised a transient assay for the detection
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of site-specific recombination activity. The approach utilizes
biolistics to introduce into wheat cells a sensor plasmid
(pGUNG–BxbBP; Fig. 1b) that expresses the GUSPlus
reporter gene only after it has undergone recombinase-
mediated excision. In the absence of a functional recombi-
nase, the GUSPlus reporter is not expressed due to presence
of a lox/att-flanked stuffer fragment containing transcrip-
tion termination sequences. Introduction of pGUNG–
BxbBP into cells containing the BxbNom or Cre recombi-
nase is expected to result in the deletion of lox/att-flanked
termination region (Fig. 1c) and activation of the GUSPlus
gene expression, which can be detected by histochemical
staining. The pGUNG–BxbBP plasmid also contains an
expression cassette for GFP visualization as an internal
control verifying that the cells received and expressed the
introduced DNA.

To ascertain whether the assay would work to success-
fully detect recombinase activity, leaves of wild-type plants
and the transgenic wheat line ‘Cre37’ that expresses the Cre
recombinase were bombarded with pGUNG–BxbBP. The
wheat Cre37 line contains a single copy of the Cre
gene expressed under the control of the Ubi1 promoter

(Srivastava et al. 1999). GUS activity was readily detect-
able in wild-type leaves after bombardment with a positive
control plasmid pAHC15 (Ubi1::GUS) (Fig. 2a), but not
after bombardment with pGUNG–BxbBP, even though
GFP expression indicated that the cells had received the
detection plasmid. In contrast, the Cre37 line exhibited
GUS activity after bombardment with pGUNG–BxbBP
as a result of Cre-mediated removal of the loxP-flanked
stuffer sequence (Fig. 2a). This result demonstrates that
the pGUNG–BxbBP construct was a competent substrate
for recombinase-mediated excision of the stuffer region
allowing activation of GUSPlus expression.

In other preliminary experiments to develop the recom-
binase detection transient assay, embryos, embryogenic cal-
lus, and endosperm from non-transformed ‘Bobwhite’ were
bombarded with pAHC15 or pGUNG–BxbBP or co-
bombarded with pGUNG–BxbBP + pUbi–BxbNom and
stained for GUS activity. The pAHC15 plasmid containing
the Ubi1::GUS cassette served as the positive control and all
the tissues bombarded with it showed GUS activity detected
as blue spots after histochemical staining (Fig. 2b; Online
Resource 3). Bombardment with pGUNG–BxbBP did not

pAHC15
(Ubi:GUS)

callus

pGUNG-BxbBP pGUNG-BxbBP +
pUbi-BxbNom

endosperm

a

b

‘Cre37’ transgenic

GUS

SUGSUGSUG

GFPGUS

leaves

Non-transgenic Bobwhite

GUS

pAHC15
(Ubi1::GUS)

pGUNG-BxbBP pGUNG-
BxbBP

GFP

Fig. 2 Detection of site-
specific recombinase activity
with the pGUNG-BxbBP
vector. a Transient expression
in bombarded non-transgenic
‘Bobwhite’ or ‘Cre37’ wheat
leaves. Reporter gene expres-
sion for β-glucuronidase
activity (GUS) or blue light
illumination (GFP) is shown.
Leaves were bombarded with
pAHC15 (positive control) or
pGUNG–BxbBP. Detection of
GUS activity in tissues bom-
barded with the pGUNG–
BxbBP vector indicates the site-
specific removal of the “stuffer”
region allowing GUSPlus gene
expression. GFP fluorescence
indicates the presence of
pGUNG–BxbBP DNA. b
Transient expression in bom-
barded ‘Bobwhite’ wheat callus
(top row) and the ventral side of
endosperm (bottom row).
Tissues were bombarded with
pAHC15 (positive control),
pGUNG–BxbBP alone, or both
pGUNG–BxbBP and pUbi–
BxbNom. Samples were stained
for β-glucuronidase activity
and imaged for green fluores-
cence activity
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result in detectable GUS activity in wild-type wheat leaves
(Fig. 2a), callus, or the ventral (crease) side of endosperm
(Fig. 2b; Online Resource 3b). Based on these results, the
functionality of the Bxb1–att recombination system in
wheat cells was tested by co-bombardment with both the
pGUNG–BxbBP and pUbi–BxbNom constructs into callus
tissue and the ventral side of endosperm tissue. The GFP
fluorescence and GUSPlus staining observed 16 h after
bombardment, compared to the positive and negative con-
trols, is shown in Fig. 2b. These results clearly demonstrate
that the codon optimized BxbNom gene performed recom-
bination that activated expression of the GUSPlus reporter
gene in wheat cells.

Generation of BxbNom Expressing Wheat Transformants

In five separate biolistic transformation experiments, ‘Bob-
white’ was co-transformed with pAHC20 (Ubi1::bar) and
pUbi–BxbNom (Fig. 1a). Genomic DNAwas isolated from
leaves of plantlets regenerated under bialaphos selection and
assayed by PCR amplification with primers designed to
reveal the presence of pUbi–BxbNom. Thirteen T0 plantlets
were found to carry pUbi–BxbNom (Table 1). Of these, all
but one transmitted the transgene to their progeny as deter-
mined by PCR of genomic DNA from T1 plantlets (Table 1).

For six of the 12 heritable BxbNom transgenic lines, more
than 10 progeny were tested for inheritance. Three of these
lines exhibited segregation that was consistent with transgene

integration at a single locus (3:1 segregation) (Table 1). PCR
results for genomic DNA from 13 T1 progeny from one such
line, Bxb146-110, are shown in Fig. 3a. For events Bxb145-
12, Bxb144-19, and Bxb146-14, transmission of the trans-
gene to the progeny was lower than expected (Table 1). For
the other six events, only a few progeny were tested, and at
least half inherited the transgene (Table 1).

To ascertain whether the BxbNom transgene was tran-
scribed in the transgenic wheat plants, RNA was isolated
from the leaves of T1 or T2 plants of six of the events that
showed inheritance of the BxbNom transgene. Five of the
lines contained the predicted 1.9-kb transcript (Fig. 4) that
hybridized to the BxbNom coding region probe (Fig. 1a). A
sixth line (Bxb125-17) did not exhibit detectable levels of
transcript (Fig. 4), which was consistent with the lack of
recombinase activity observed in the recombinase detec-
tion assay (see below, Fig. 5a). Among the lines with
detectable transcripts, their levels varied approximately
2–5-fold, with Bxb145-35 having the highest level (Fig. 4).

Bxb Recombinase Activity in Transgenic Wheat

To assess whether the Bxb1 recombinase encoded by the
BxbNom transgene was functional for marker gene excision
in wheat, we bombarded the detection plasmid into leaves
from transgenic plants at various stages of development. We
found we could detect GUSPlus activity encoded by the
excised version of pGUNG–BxbBP in leaves of T0 plantlets

Table 1 Summary of the results for the BxbNom transgenic wheat plants

T0 transgenic plant
line

T0 BxbNom PCR
detectiona

T0 recombinase
activityb

T1 BxbNom
heritabilityc

T1 recombinase
activityb

T1 BxbNom
transcriptd

Bxb125-17 + – + (2/4) − −

Bxb125-53 + + + (3/5) + +

Bxb145-12 + + + (5/14) + +

Bxb145-35 + + + (10/14) + +

Bxb146-109 + + + (11/14) + +

Bxb146-110 + + + (10/15) + +

Bxb126-98 + − + (4/5) − ND

Bxb144-5 + − + (5/9) − ND

Bxb144-19 + + + (7/15) − ND

Bxb144-20 + + + (2/2) + ND

Bxb144-47 + + + (3/5) + ND

Bxb146-14 + + + (1/15) + ND

Bxb146-98 + + − − ND

ND not determined
aUbi:BxbNom fragment amplified by PCR from genomic DNA
bβ-Glucuronidase activity scored following pGUNG–BxbBP bombardment
cUbi:BxbNom fragment amplified by PCR from genomic DNA of T1 progeny. The number in parentheses indicates the number of positive plants
out of the total tested
d BxbNom transcript detected by RNA blot hybridization
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as early as 5–10 days after transfer from tissue culture to soil
(the same stage used for isolation of genomic DNA for
PCR). However, leaves from plants allowed to grow in the
greenhouse to at least the five-leaf stage tolerated bombard-
ment better and yielded larger numbers of bigger spots
(Online Resource 2). Applying the transient assay to T0

leaves of the 13 independent transgenic pUbi–BxbNom
lines revealed that 10 had functional Bxb recombinase activ-
ity, as shown by histochemical detection of β-glucuronidase
activity (Table 1; examples in Fig. 5a). Furthermore, GUS-
Plus activity due to Bxb1-mediated excision was detected in
leaves of transgenic T1 progeny of eight lines that had
recombinase activity in T0 leaves (Table 1; examples in
Figs. 3b and 5a). Figure 3b shows the results of the recombi-
nase detection transient assay in leaves of progeny of line
Bxb146-110. As can be seen, there is a one-to-one correspon-
dence between inheritance of the BxbNom transgene (Fig. 3a)
and recombinase activity (Fig. 3b) in the 13 progeny. For
event Bxb125-53, Bxb1 recombinase activity was detected in

each generation from T0 to T3 (results for T3 pictured in
Fig. 5a).

To confirm that the GUSPlus reporter activity detected in
the recombination assay was the result of Bxb-mediated exci-
sion, DNA from transgenic and control leaves bombarded
with pGUNG–BxbBP was isolated and subjected to PCR
amplification with primers designed to detect the excision
product (Fig. 1c). Fragments of the expected size, 1,175 bp,
were present in amplified DNA extracts from each of five
different transgenic plants, but absent in non-transgenic ‘Bob-
white’ bombarded with pGUNG–BxbBP (Fig. 5b). These
results confirm at the DNA level that Bxb-mediated excision
had occurred in wheat cells expressing BxbNom.

Discussion

In this report, we have shown that the uni-directional Bxb1
recombinase system is active in wheat, one of the most

T0
Bxb146-110

T1
1 42

5 86 7

11 131210

9

BW   1     2     3    4     5    6    7  M    8  9   10   11  12   13 

BxbNom

Dy10

3

a

b

13 (GFP)

Fig. 3 Segregation of the Ubi1:
BxbNom transgene and
recombinase activity in a family
of 13 T1 plants from event
Bxb146-110. a PCR amplifica-
tion of genomic DNA from 13
T1 progeny (numbered lanes)
and non-transformed ‘Bob-
white’ (BW). Expected
products for BxbNom and
Dy10 amplification are denoted
by arrows. Lane marked M
contains DNA size markers. b
Excision activated GUSPlus
reporter gene activity detected
in the T0 Bxb146-110 leaves
and the leaves of the same 13 T1

progeny as in (a). A GFP image
of leaves from T1 progeny
number 13 is also shown
bottom right

Plant Mol Biol Rep (2012) 30:1357–1366 1363



important food crops that thus far has not benefited from
commercial release of GE varieties. Bxb1 functions in
wheat leaves and endosperm to precisely excise DNA be-
tween its attB and attP recognition sites. Expression of the
BxbNom gene is heritable. These results provide another
tool—along with Cre (Srivastava et al. 1999) and phiC31
(Rubtsova et al. 2008)—for recombinase-mediated genetic
engineering to remove selectable marker genes from GE
wheat. The transgenic wheat lines generated here can be
used in genetic crosses to introduce Bxb1 activity into other
wheat cultivars.

Previous publications reported that phenotypic abnormal-
ities can occur in transgenic plants constitutively expressing
site-specific recombinase genes. Widespread expression of
Cre in tomato, petunia, and tobacco generated misshapen
leaves (Coppoolse et al. 2003) while the Gin recombinase
elicited lesions in tobacco (Maeser and Kahmann 1991). In

Bxb146-14

Bxb146-98

Bxb144-19

Bxb145-12

Bxb125-53

Bxb146-109 Bxb146-110Bxb145-35

Bxb126-98Bxb144-47 Bxb125-17

Bobwhite

B P

1.5
1.0

kb

b

a

Fig. 5 Bxb1 recombinase activity detected in leaves of nine indepen-
dent transgenic wheat lines. Wheat leaves from plants stably trans-
formed with BxbNom were bombarded with the pGUNG–BxbBP
recombinase activity sensor vector and stained for β-glucuronidase
activity (a) or subjected to DNA extraction and PCR analyses (b).
All plants except ‘Bobwhite’ contained the Ubi:BxbNom transgene
fragment as detected by PCR of genomic DNA (see Table 1). a Leaves
of line Bxb125-53 were from T3 generation plants; leaves of lines
Bxb125-17, Bxb126-98, and Bxb145-35 were from T1 generation

plants, while leaves of the other lines were from T0 plants. b Ampli-
fication products from T3 (Bxb125-53) or T1 leaf DNA of five trans-
genic events or non-transformed ‘Bobwhite’ bombarded with
pGUNG–BxbBP (BW+GGBxBP), and unbombarded ‘Bobwhite’, af-
ter PCR with primers y and z (Fig. 1c). Size markers in kilobases (kb)
are shown to the left. The B lane shows no products were produced in
the absence of DNA template; the P lane contains the product of the
excised plasmid DNA (Fig. 1c) after amplification with the same
primers

kb
3.0

2.0
1.5
1.0

rR
N

A

Fig. 4 Blot hybridization analysis of RNA from T2 (Bxb125-52) or T1

leaves of selected Bxb1 transgenic wheat lines and non-transformed
‘Bobwhite’. The nylon membrane was probed with the BxbNom
coding sequence (Fig. 1a). Size markers in kilobases (kb) are shown.
The image of the ethidium bromide stained gel ribosomal RNA
(rRNA) is shown in the bottom panel to illustrate RNA loading
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contrast, our transgenic wheat plants constitutively express-
ing the BxbNom recombinase under the control of the maize
ubiquitin promoter did not exhibit abnormal regeneration,
growth, development, or fertility. These results are similar to
those reported for wheat expressing Cre (Srivastava et al.
1999) and phiC31 (Rubtsova et al. 2008). Whether wheat’s
tolerance of active recombinases is due to its large genome
size and/or the redundancy of genes in hexaploid varieties or
to some other reason remains to be determined.

Deployment of the Bxb1/att (Thomson et al. 2012) or the
phiC31/att (Kempe et al. 2010; Thomson et al. 2010) irre-
versible site-specific recombinase systems into plants such
as Arabidopsis and wheat raises the possibility of develop-
ing sophisticated genome engineering applications that
require irreversible integration capabilities. Because of the
unidirectional nature of these enzymes, a dual recombinase-
mediated cassette exchange (RMCE) strategy enabling
targeted and oriented gene stacking within the genome
becomes feasible (Wang et al. 2011). Various genetic one-
way switches could be triggered through the use of tightly
controlled organ-specific promoters expressing the Bxb1
recombinase, allowing activation or repression of target genes.

In conclusion, we have shown that the expression of a
functional codon-optimized version of the Bxb1 recombi-
nase gene can be maintained over at least two generations in
wheat. The BxbNom recombinase mediates site-specific
excision and can be utilized in further applications for
precise genome modifications and crop enhancement. In
enabling the creation of GE plants free of marker genes
and proteins, site-specific recombination systems such as
Bxb1 could make GE wheat more acceptable to farmers,
government regulators, and consumers, and facilitate the use
of genetic engineering to improve this major food crop.
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