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Abstract

Key message Research describes the practical appli-
cation of the codA negative selection marker in Soy-
bean. Conditions are given for codA selection at both
the shooting and rooting stages of regeneration.
Abstract Conditional negative selection is a powerful
technique whereby the absence of a gene product allows
survival in otherwise lethal conditions. In plants, the
Escherichia coli gene codA has been employed as a neg-
ative selection marker. Our research demonstrates that
codA can be used as a negative selection marker in soy-
bean, Glycine max. Like most plants, soybean does not
contain cytosine deaminase activity and we show here that
wild-type seedlings are not affected by inclusion of 5-FC in
growth media. In contrast, transgenic G. max plants
expressing codA and grown in the presence of more than
200 pg/mL 5-FC exhibit reductions in hypocotyl and tap-
root lengths, and severe suppression of lateral root devel-
opment. We also demonstrate a novel negative selection-
rooting assay in which codA-expressing aerial tissues or
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shoot cuttings are inhibited for root formation in media
containing 5-FC. Taken together these techniques allow
screening during either the regeneration or rooting phase of
tissue culture.
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Introduction

Negative selection systems employing dominant marker
genes that result in the death of transformed cells have been
described in plants. Some are lethal under all conditions
(non-conditional negative selection systems), while others
require the presence of specific agents to manifest toxicity
(conditional negative selection systems) (Babwah and
Waddell 2000). The codA gene from Escherichia coli is a
substrate-dependent conditional negative selectable mar-
ker. The codA gene encodes a cytosine deaminase that
catalyses the deamination of cytosine into uracil (Andersen
et al. 1989) and is able to convert the harmless compound
5-fluorocytosine (5-FC) into a highly cytotoxic metabolite
5-fluorouracil (5-FU). The suicide effect of cytosine
deaminase in the presence of 5-FC has been exploited in
negative selection procedures in both eukaryotic and
prokaryotic organisms (Mullen et al. 1992; Stougaard
1993; Hartzog et al. 2005; Braks et al. 2006; Dubeau et al.
2009).

Homologues of codA have not been found in plant
species including Arabidopsis, Pisum sativum (pea), Hor-
deum vulgare (barley), Beta vulgaris (sugar beet), and
Glycine max (soybean), making it likely that this gene
could be employed widely in plants as a negative selective
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marker (Stougaard 1993; Koprek et al. 1999). For Lotus
Japonicus, Nicotiana sylvestris (Stougaard 1993) and Ara-
bidopsis thaliana (Perera et al. 1993; Kobayashi et al.
1995), transformed seedlings expressing codA were inhib-
ited in growth in the presence of 5-FC. Expression of codA
in Brassica napus resulted in a reduction of root and
hypocotyl lengths in the presence of 5-FC, and a severe
suppression of true leaf development (Babwah and Wad-
dell 2000). To assess the feasibility of using the Cre site-
specific recombinase for elimination of marker genes from
the tobacco plastid genome, Corneille et al. (2001) trans-
formed the plastid genome with a codA gene bordered by
two directly oriented loxP sites. These investigators found
that 5-FC resistance could be successfully used to identify
cells with Cre-induced codA deletions. Dutt et al. (2008)
showed in grapevines that a combination of positive
(kanamycin resistance mediated by npfIl) and negative
(codA) selection could be used to produce transgenic plants
free of marker genes. Additionally, codA has been used as a
conditional negative selectable marker in tobacco, barley,
potato, and strawberry (Koprek et al. 1999; Schlaman and
Hooykaas 1997; Rommens et al. 2004; Schaart et al. 2004).
No toxic effects of 5-FC on wild-type plants were
observed.

As ongoing research, we are developing site-specific
recombinase technology (Thomson and Ow 2006; Blechl
et al. 2012; Wang et al. 2011) for precise genome modi-
fication of soybean to allow successive rounds of genomic
integration into a predetermined site. This technology
requires a positive and negative selection scheme to select
plants that have successfully undergone targeted exchange
via recombinase-mediated cassette exchange (Wang et al.
2011). Although cytosine deaminase activity is not found
in G. max plants (Stougaard 1993), the utility of codA gene
as an effective negative selectable marker has not been
previously investigated. In this study, we introduce codA
into soybean to assess its potential as a conditional negative
selection marker. We report 5-FC concentrations and pro-
tocols that can be used to identify soybean that expresses
the exogenous codA gene.

Materials and methods

G. max seedling growth on germination media
containing 5-FU or 5-FC

Germination medium (GM) consisted of 3.2 g/L. Gamborg
B5 medium with vitamins (bioWORLD) (Gamborg et al.
1968), 20 g/L sucrose, 4 g/L. Phytoblend (Caisson Labs) at
a final pH of 5.8. The selection agents 5-FC (AK Scientific)
and 5-FU (Sigma) were dissolved in deionized water at
65 °C at concentrations of 10 mg/mL. These solutions
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were filter sterilized and immediately added to GM at
approximately 65 °C. The media were dispensed into Solo
sundae cups with lids (TS5R and DLR100, Dart Container
Corporation).

For sterilization, seeds dispensed to 100 x 15 mm Petri
dishes were incubated for approximately 16 h in the pres-
ence of chlorine gas (produced by mixing 100 mL of 4 %
sodium hypochlorite with 4 mL 12 N hydrochloric acid in
a beaker), in a bell jar setup in a fumehood. Sterile seeds of
wild-type G. max cv. Bert were germinated by placing on
GM containing 5-FC (200, 400, 600, 800, or 1000 pg/mL)
or 5-FU (50, 100, 200, or 300 pg/mL), and incubated in a
growth chamber with 16/8 light—dark photoperiod at 24 °C.
After 9 days, hypocotyl and root lengths were measured
(n = 4 per treatment), and the Welch ¢ test with Bonferroni
correction was employed to compare each treatment (sup-
plementation with 5-FU or 5-FC) to control (no supple-
mentation). Representative seedlings were photographed.

Construction of the positive/negative selection vector
for soybean transformation

The pCAMBIA390 vector (http://www.cambia.org/daisy/
bios/585.html) was modified with recombinase recognition
sites Bxb1 a#tP (Yau et al. 2011) for integration and CinH
res (Moon et al. 2011) for excision, flanking the multiple
cloning site (MCS), and termed pCTAG. The codA coding
sequence was amplified from the E. coli K-12 genome by
PCR with primers F 5-ATGTCGAATAACGCTTTACA-
3 and R 5-TCAACGTTTGTAATCGATGG-3'. The
amplified product was fused in frame downstream from the
F2A peptide-skipping domain (from aphthovirus, FMDV;
Ryan and Drew 1994), which in turn was fused in frame
downstream from an hpfIl coding sequence that lacked a
stop codon. This hptII2AcodA coding sequence was inser-
ted between the double enhanced CaMV 35S promoter and
transcription terminator. The positive-negative gene cas-
sette was cloned into the MCS of pCTAG, resulting in the
vector pPCTAG-35HC. An expression cassette consisting of
a —60 bp minimal CaMV 35S promoter fused to the
GUSPlus coding sequence (http://www.cambia.org/daisy/
bioforge_gusplus/3850.html) and Nos 3’ transcription ter-
minator was constructed and cloned into pCTAG-35HC.
The resulting plasmid, pCTAG-GHC, was introduced into
Agrobacterium tumefaciens strain AGL1 (Lazo et al. 1991)
by electroporation.

Plant transformation and regeneration and growth
of transgenic plants

Agrobacterium-mediated transformation of soybean cultivar
Bert, using the hprIl gene as a positive selectable marker,
followed the procedure of Zeng et al. (2004) with a few
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modifications. Seeds were germinated on GM. Cotyledonary
nodes were wounded with a scalpel and incubated in
Agrobacterium infection medium (0.32 g/L. Gamborg BS5
medium with vitamins (PhytoTechnology Laboratories),
1 mg/LL Gamborg vitamins (PhytoTechnology Laborato-
ries), 30 g/L sucrose, 3.9 g/L. 2-(N-morpholino) ethanesul-
fonic acid (MES), 0.25 mg/L gibberellic acid (GAj3; Gold
Biotechnology), 1.67 mg/L 6-benzylaminopurine (BAP;
bioWORLD), 40 mg/L acetosyringone (bioWORLD), pH
5.4) in a 50-mL sterile tube, sonicated for 2—4 s, then incu-
bated at room temperature for 30 min with gentle shaking
(rotary shaker at 60 rpm). Sonication treatment increased the
number of shoots recovered after hygromycin selection (data
not shown). After infection, explants were kept in co-culti-
vation medium (0.32 g/L. Gamborg B5 medium with vita-
mins, 1 mg/L. Gamborg vitamins, 30 g/L sucrose, 3.9 g/L
MES, 0.25 mg/L. GA3, 1.67 mg/L BAP, 40 mg/L acetosy-
ringone, 400 mg/L cysteine (PhytoTechnology Laborato-
ries), 154.2 mg/L dithiothreitol (DTT), 4 g/L Phytoblend,
pH 5.4) for 5 days before transfer to shoot initiation medium.
Shoot initiation (3.2 g/l Gamborg B5 medium with vita-
mins, 30 g/L sucrose, 0.59 g/LL MES, 1.67 mg/L. BAP, pH
5.7), elongation (4.4 g/LL MS with vitamins (Caisson Labs),
30 g/ sucrose, 0.59 g/ MES, 50 mg/L asparagine
(Sigma), 100 mg/L L-pyroglutamic acid (MP Biomedicals),
0.1 mg/L indole-3-acetic acid (IAA; Gold Biotechnology),
0.5 mg/L GA3, 1 mg/L zeatin (Gold Biotechnology), pH 5.7
and rooting (4.4 g/ MS with vitamins, 20 g/L sucrose,
0.59 g/ MES, 50 mg/L asparagine, 100 mg/L L-pyroglu-
tamic acid, 1 mg/L indole-3-butyric acid (IBA; Sigma), pH
5.6) media were solidified with 4 g/ Phytoblend and
included 200 pg/mL ticarcillin (Gold Biotechnology). A
concentration of 10 pg/mL hygromycin B (Gold Biotech-
nology) was used for selection during shoot initiation and
shoot elongation. Rooted primary transformants (Ty) were
transferred to potting medium Sunshine mix #1 (Crop Pro-
duction Services) in 4” deep tech square pots (McConkey
Grower Products) and placed in a growth chamber at 24 °C
with a 16/8 light—dark photoperiod. 2 or 3 weeks later, plants
were moved to the greenhouse and grown with supplemental
halide lighting that provided a 16/8 light—dark photoperiod at
24 °C. 4 or 5 months later, T, seeds were harvested. The T,
generation was derived by selfing.

PCR analysis

Genomic DNA was extracted by grinding 1-2 cm? young
leaf fragments in 400 pL of buffer (200 mM Tris HCI pH
7.5, 250 mM NaCl, 25 mM EDTA, 0.5 % SDS). After
centrifugation, the isopropanol precipitated pellet was
washed with 70 % ethanol and resuspended in 50 pL of
sterile deionized water. 2 pL. of genomic DNA in a 25-uL.
volume was used per PCR reaction. The primers

codAORF70F60 (a: 5'-catctgcaggacggaaaaat-3') and
codAORF1137R60 (b: 5'-gataatcaggttggcgctgt-3') were
used for the detection of codA sequences in soybean
genomic DNA, using a 62 °C annealing temperature, 1 min
extension time and 35 cycles for amplification. As a con-
trol, template DNA from non-transgenic ‘Bert’ plants was
included in each PCR test.

Southern blot analysis

For Southern blot analysis, genomic DNA was extracted
from leaf tissue of transgenic and wild-type plants (Del-
laporta et al. 1983). 5 pg of DNA was digested with EcoRI
for 6 h at 37 °C and separated by electrophoresis in a
0.8 % (w/v) agarose gel. The DNA was then transferred to
a Hybond-N membrane (Amersham Biosciences Corp.,
Piscataway, NJ, USA) and hybridized with 32p_labeled
codA sequence [amplified with Taq polymerase (Promega)
using cod AORF70F60 (a: 5'-catctgcaggacggaaaaat-3’) and
codAORF1137R60 (b: 5'-gataatcaggttggcgctgt-3)], as
described previously by Stougaard (1993). Southern blot
washes for the codA probe used 2x SSC for 2 min in
shaking incubator at room temperature two times. Blots
were placed on X-ray film (Phenix) with intensifying
screens (Kodak) and placed in the —80 °C freezer for
2 days prior to development.

Histochemical assay for p-glucuronidase activity

The histochemical assay for GUSPlus gene expression was
performed according to Jefferson (1987). Soybean tissues
of mature plants that had set seed (120 days) were covered
in X-gluc (5-bromo-4-chloro-3-indolyl-glucuronide) solu-
tion, vacuum infiltrated for 5 min, then kept at 37 °C
overnight. After staining, the green tissues were treated
with several changes of 70 % ethanol to remove
chlorophyll.

codA negative selection—seedling assay

Sterilized T, T, (GHC21, 39), and/or T; (GHC22) seeds
from codA transgenic lines were transferred to GM with
200 pg/mL 5-FC. After 9 days, plants were scored as
sensitive/resistant to 5-FC and tissue samples were taken
for DNA extraction and PCR analysis for codA. Repre-
sentative plants were photographed.

Reversibility to negative selection of transgenic
plants and recovery from 5-FC cytotoxic

effects—recovery assay

To test for reversibility to negative selection and to
determine whether codA-transformed lines could recover
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from the cytotoxic effects of 5-FC, nine-day-old T, or T3
seedlings were removed from 5-FC selection medium and
transferred directly to Sunshine #1 potting media. The
seedlings were maintained in a growth chamber with 16/8
light—dark photoperiod at 24 °C. Three days later, the
seedlings were transferred to the greenhouse and grown to
reproductive maturity for seed recovery and maintenance
of codA-transformed lines.

codA negative selection—rooting assay

To test whether rooting on 5-FC could be used as a neg-
ative selection in soybeans, sterilized seeds were placed on
GM in a growth chamber with a 16/8 light—dark photope-
riod at 24 °C. After 9—10 days, aerial tissue of germinated
seed was collected for this assay, defined as the first true
leaf and apical meristem (referred to as the ‘shoot’), which
was cut-off at the stem above the cotyledons and trans-
ferred to rooting medium (4.4 g/LL MS medium and vita-
mins, 20 g/L sucrose, 0.59 g/L MES, 4 g/L Phytoblend, pH
5.6), supplemented with 300 pg/mL 5-FC. The cuttings
were returned to the growth chamber for rooting and
assessed 2 weeks later.

Results

Sensitivity of wild-type G. max seedlings to 5-FU
and 5-FC

In order to determine whether 5-FU had any observable
effects on the growth and development of G. max seed-
lings, wild-type seeds were germinated on media contain-
ing various concentrations of the base analog. By 9 days of
growth on medium containing 50 pg/mL 5-FU, seedlings
showed significant reductions in hypocotyl and root growth
(Welch ¢ test, P < 0.005; Fig. 1a, b). At higher concen-
trations of 5-FU, the reductions in hypocotyl and root
lengths were more severe. No lateral roots formed in the
presence of 100, 200, and 300 pg/mL 5-FU (Fig. la, b).
These results revealed that 50 pg/mL 5-FU inhibits hypo-
cotyl and root growth and overall development of wild-
type seedlings.

To determine the optimal concentration of 5-FC for
negative selection, wild-type G. max seeds were germi-
nated in media supplemented with 5-FC at various con-
centrations. After 9 days, wild-type seeds germinated and
grew normally even at 5-FC concentrations of 200400 pg/
mL (Fig. lc, d). As compared to control medium without
5-FC supplementation, hypocotyl lengths were shorter on
medium supplemented with 600 pg/mL 5-FC (Welch 7 test,
P < 0.01). Root lengths became significantly shorter than
control only at 800 pg/mL 5-FC (Welch ¢ test, P < 0.05).
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Thus, hypocotyl growth is more sensitive to 5-FC treatment
than root growth (Fig. 1d). Lateral root formation was
distinctly suppressed in the presence of 600 and 800 pg/mL
5-FC. In GM supplemented with 1000 pg/mL 5-FC, the
lateral roots were almost completely suppressed, and the
taproot was severely shortened. Because root and hypo-
cotyl lengths were not significantly different on GM con-
taining 200 pg/mL 5-FC as compared to medium without
5-FC (Fig. 1c), we chose 200-300 pg/mL 5-FC to assess
codA negative selection in subsequent experiments.

G. max transformation

To obtain soybean containing an active codA gene, the
vector pCTAG-GHC, diagrammed in Fig. 2a, was con-
structed for Agrobacterium-mediated transformation and
selection analysis (“Materials and methods”). The posi-
tive/negative selection components, consisting of the
coding region for the AptIl gene (for positive hygromycin
resistance selection) fused in frame with the F2A peptide-
skipping domain (Ryan and Drew 1994) and the E. coli
codA coding sequence (Genbank Accession No.
S56903.1), were inserted between the double-enhanced
promoter (dbP*>%) and transcription terminator sequences
derived from the 35S gene of caulifiower mosaic virus
(CaMV). The T-DNA portion of the vector also contains
the —60 minimal CaMV 35S gene promoter (Min P*5)
driving the GUSPlus coding sequence with the nopaline
synthase (Nos) transcription terminator (Fig. 2a). The
minimal promoter-GusPlus cassette was included to detect
whether the T-DNA inserts into a genomic region of high
transcriptional activity. Ten hygromycin-resistant plants
were recovered from 300 transformed wild-type cotyle-
dons. Of these lines, all were positive for the codA gene as
assayed by PCR (data not shown). However, only three
lines, specifically GHC21, GHC22, and GHC39, were
confirmed by Southern blot analyses (Fig. 2b). Thus,
GHC21, GHC22, and GHC39 were chosen for further
analyses.

Genetic and phenotypic analysis of codA transgenic
lines

GHC21 and GHC39 T, plants were normal in appearance
and produced many seeds, but the GHC22 T, plant was
shorter than wild-type plants, and produced few seeds (data
not shown). T, seeds from each line were germinated in
soil to observe the growth and development of progeny
derived by self-fertilization of the regenerated plants.
Germination frequencies for both GHC21 and GHC39
transgenic lines were similar to those of wild-type seeds. T,
seedlings of both transgenic lines grew well and were
phenotypically indistinguishable from wild-type seedlings.
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Fig. 1 Phenotypes of wild-type G. max on 5-FU- and 5-FC-
containing media. Nine-day-old seedlings from wild-type G. max
germinated on GM containing various concentrations of 5-FU (a) and
5-FC (c¢). Hypocotyl length (black bars) and root length (white bars)
of wild-type G. max seedlings germinated on media containing

Only a single GHC22 T, seed was viable. The resultant
GHC22 T1 plant was healthy and produced viable T2
seeds, which were used in further analyses. GHC22 T,
progeny were phenotypically similar to wild-type plants
and had normal seed set.

The presence of transgenes in the T, plants GHC21,
GHC22, and GHC39 was verified by PCR amplification
with primer set @ and b to detect codA (Fig. 2a; “Materials
and methods”) and by sequencing the resultant amplicons
(data not shown). The number of T-DNA insertions in the
transgenic plants was confirmed by hybridization of EcoRI-
digested genomic DNA with a *?P-labeled codA probe
(gray bar in Fig. 2a). EcoRI cuts once within the target
T-DNA (Fig. 2a), releasing a fragment at least 4.17 kb in
length that extends beyond the right border into soybean
genomic DNA adjacent to the insertion sites. The EcoRI
digests of DNA from GHC21 and GHC39 T, plants yielded
single codA bands at 8.0 kb and 4.8 kb, respectively
(Fig. 2b). DNA from the GHC22 T, plant contained

100 BHypocotyl
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801
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50 4 * %
40 -
30 1
20 1
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Length (mm)

0 200 400 600 3800 1000
Concentration of 5-FC (pg/ml)

different concentrations of 5-FU (b) and 5-FC (d). Variation is
expressed as standard deviation for measurements of four plants.
Asterisk indicates significant difference from no treatment (Welch
t test with Bonferroni correction, P < 0.05)

multiple codA bands (Supplemental Figure 1), in agree-
ment with codA segregation in the T, generation (Table 1).
However, Southern blot analysis on the T3 generation,
derived from a single GHC22 T, plant, showed a single
4.3 kb EcoRI fragment for codA (Fig. 2b). Segregation of
codA in the Tj generation (Table 1), derived from the same
GHC22 T, plant, confirmed that this GHC22 line has a
single T-DNA insert.

For GHC21, GHC22, and GHC39, DNA was extracted
from the progeny of each (i.e., T, seedlings for GHC21/
GHC39 and T, seedlings for GHC22) and assayed by PCR
for codA (Table 1). For GHC21 progeny (T, seedlings),
segregation of codA conformed to a 3:1 ratio (x° test,
P > 0.05) expected for a single locus, whereas transgene
segregation in progeny of GHC22 (T, seedlings) and
GHC39 (T, seedlings) varied significantly from a 3:1 ratio
()(2 test, P < 0.05; Table 1). For each line, a codA-positive
individual was picked at random for analysis of codA
segregation in the subsequent generation (i.e., T, for
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Fig. 2 T-DNA section of vector pCTAG-GHC (not to scale) and
predicted single copy T-DNA insertion structure. a PCR primer pairs
used for detection of codA in genomic DNA of transformed lines are
shown as a and b with product size indicated above the dotted line.
The att sites are shown as gray arrowheads and the hybridization
probe used in Southern analyses as a gray rectangle. The size of the
T-DNA from the unique EcoRI site to the right border is indicated
above the dashed line. b Autoradiogram of blot of genomic DNA
from non-transformed cultivar Bert (WT) and three transformed lines
(numbered GHC21, 39 and 22). Total DNA from T, (GHC21 and
GHC39) or T; (GHC22) digested with the EcoRI and hybridized to
the ?P-labeled codA probe. The sizes of the hybridizing fragments
indicated to the right. E, EcoRI

GHC21/GHC39 and T3 for GHC22). When codA inheri-
tance was re-assessed by PCR in the T, generation of
GHC21 and GHC39 and in the T; generation of GHC22,
all segregated in a 3:1 ratio ()(2 test, P > 0.05; Table 1). No
additional lines were sought after recovery of three inde-
pendent lines, each carrying a single, hemizygous trans-
gene locus.

Histochemical staining for B-glucuronidase activity was
also done in the T, generation of GHC21 and GHC39 and
in the T; generation of GHC22, derived from the same
parents used in the codA segregation analysis (Fig. 3).
Staining for GUSPlus revealed expression patterns that

ranged from non-detectable for GHC21, to medium for
GHC22, to very high for GHC39 (Fig. 3).

5-FC selection assays

To determine whether codA could be used as a negative
selectable marker to identify progeny with and without a
transgene, T, or T3 seeds from transgenic lines GHC21 and
GHC39 or GHC22, respectively, were germinated on
medium supplemented with 200 pg/mL 5-FC. Seedlings
that inherited the codA gene displayed reduced taproot and
hypocotyl lengths, and severe suppression of lateral root
development, whereas codA null (segregated siblings) and
wild-type G. max were unaffected and developed normally
(Fig. 4a—d). Minimally, 18 seedlings for each line were
scored for a codA-sensitive/resistant phenotype, and PCR
genotyping showed complete agreement with phenotype
analysis (Table 1).

We also developed a novel codA negative selection-
rooting assay. As an alternative assay, we examined codA-
transformed aerial tissue (“Materials and methods”) for
rooting in the presence of 200-300 pg/mL 5-FC. Wild-type
and codA-transformed aerial tissue cuttings (defined as
‘shoots’ hereafter) (n = 8 for each line) were transferred to
rooting medium containing 5-FC. After 2 weeks of growth,
shoots were scored for the presence/absence of roots. Wild-
type ‘Bert’ displayed normal rooting in 200-300 pg/mL
5-FC rooting medium (Fig. 4h). On medium supplemented
with 200 pg/mL 5-FC, codA-positive cuttings (as verified
by PCR) from GHC39 T, seedlings had no roots, whereas
codA null cuttings formed extensive root networks, similar
to wild type (Fig. 4g). Shoot cuttings from codA null
segregants rooted equally well in the presence and absence
of selection. Inhibition of root production for codA-con-
taining cuttings from lines GHC21 (T,) and GHC22 (T3)
was achieved in the presence of 300 pg/mL 5-FC. In
contrast, their codA null siblings formed as many roots
under selection as wild-type cuttings (Fig. 4e—h). These
results show that codA negative selection is effective in G.
max during the rooting process.

Table 1 Molecular and segregation analysis of wild type and codA transgenic lines of G. max

Line PCR test T or T, (GHC22) seedlings

PCR analysis T, or T3 (GHC22) seedlings

5-FC selection T, or T3 (GHC22) seedlings

codA:null Chi square codA:null Chi square Sensitive:resistant
WT 0:9 n/a 0:18 n/a 0:18
GHC21 22:8 0.04 15:3 0.67 15:3
GHC39 78:53%* 16.78 14:4 0.07 14:4
GHC22  20:0%* 6.67 16:5 0.02 16:5

* Significantly different from the expected ratio of 3:1 based on y* analysis, P < 0.05
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Fig. 3 GUSPlus gene expression in GHC transgenic lines. Results of
the histochemical assay for B-glucuronidase activity in leaves, stems,
roots, and seeds of wild-type plants and transgenic soybean plants
carrying the MinP?5::GUSPlus::nos expression cassette. Tissues are
from T, plants of GHC21 and GHC39 and from Tj plants of GHC22

Conditional negative selection of codA seedlings
grown on 5-FC substrate

To examine if the cytotoxic effects of codA selection were
reversible, segregating seedlings (GHC21/GHC39 T, gen-
eration and GHC22 Tj; generation) were grown for 9 days on
medium supplemented with 200 pg/mL 5-FC, then trans-
ferred to soil and grown to maturity. One week after transfer,
5-FC-sensitive individuals (presence of codA confirmed by
PCR) were shorter than wild-type plants and 5-FC-resistant
codA null segregants (Fig. 5a). However, after 2 weeks in
soil, the 5-FC-sensitive plants had fully recovered and were
indistinguishable from the 5-FC-resistant plants (Fig. 5b).
Wild-type ‘Bert’ and codA null seedlings exhibited no neg-
ative effects when germinated on 200 pg/mL 5-FC and no
lag in growth after transfer to soil, compared to transplants
that had never been exposed to 5-FC (Fig. 5a, b). All codA-
positive GHC21 (15 individuals) and GHC22 (16 individu-
als) plants recovered from the effects of exposure to 5-FC,
and 13 of 14 GHC39 codA-positive individuals recovered. At
maturity, seed set was examined and all plants were found to
be similar to wild-type plants grown under the same condi-
tions. In conclusion, codA is effective as a conditional neg-
ative selectable marker to the 5-FC substrate.

Discussion

In this study, we have introduced the codA gene into an
important legume crop, G. max, and defined two conditions
in which the negative selection agent 5-FC can be used
successfully for transgene detection. All codA-expressing
transgenic plants were sensitive to germination in the
presence of 5-FC, the precursor of the cytotoxin 5-FU.
Although codA transgenic seedlings grew well in the
absence of 5-FC substrate, they displayed shortened taproot
and hypocotyl lengths, and severe suppression in lateral
root development on medium supplemented with 200 pg/
mL 5-FC (Fig. 4a—d). Molecular analyses of segregating
populations confirmed a 5-FC-sensitive/resistant phenotype
correlated with the presence/absence of the codA transgene
(Fig. 4a—d). The differences between the sensitive and
resistant phenotypes, as assessed by 9 days growth of
hypocotyls and roots, are distinct and easily observed.
These results indicate that 5-FC sensitivity in G. max is
sufficient to distinguish transgenic lines from wild-type
progeny. The sensitive phenotype of transgenic G. max
during germination is similar to that reported for codA-
transformed Lotus, tobacco, and Brassica (Stougaard 1993;
Babwah and Waddell 2000).

Although codA-expressing seedlings are sensitive to
200 pg/mL 5-FC at 9 days, over 90 % of seedlings fully
recover when transferred to soil suggesting that the cyto-
toxic nature of this selection is reversible. Stougaard (1993)
reported that only 40 % of lotus plants recovered from the
effects of 5-FC negative selection under their conditions.
Babwah and Waddell (2000) reported that 67 % (T,) and
100 % (T,) B. napus plants recover from the effects of
5-FC negative selection. The high frequency with which
our codA-transformed G. max recovered from the effects of
5-FC may be due to the short period of time (9 days)
needed to identify sensitive individuals. In any case, the
complete recovery of sensitive plants after transfer to
potting media means that codA can be used to identify
transgenic plants without killing them.

Additionally, a novel negative selection-rooting assay is
presented. We demonstrate rooting of G. max shoot cut-
tings on 5-FC medium occurs only in the absence of a codA
transgene (Fig. 4). We observed that 300 pg/mL 5-FC
completely abolished rooting in GHC21, GHC22, and
GHC39 transgenic lines that contain codA, while not
affecting the root development of wild type or codA null
segregants. Potentially this assay has use in tissue culture
selection and regeneration.

In this study, wild-type G. max plants were shown to
develop normally in the presence of 5-FC at concentrations
below 600 pg/mL. In contrast, even low levels (50 pg/mL)
of 5-FU, a cytotoxic compound that is the product of
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Fig. 4 Phenotypes and PCR

GHC21 T,

analysis of transgenic codA
seedlings on 5-FC-containing
media. Top panels (a—

d) seedlings 9 days after
germination on selection GM
containing 200 pg/mL 5-FC.
Bottom panels (a—d) PCR
analysis of same plants with
primers a and b (Fig. 2a). a T, =1
seedlings of GHC21. b T; =
seedlings of GHC22. ¢ T,
seedlings of GHC39. d Wild-

— 0.98kb
5FC rooting

0

type G. max control. Top panels
(e-h) shoot cuttings (subset)
after 2 weeks at 24 °C in
rooting media containing

200 pg/mL 5-FC (GHC39) or
300 pg/mL 5-FC (GHC21,
GHC22, Bert). Bottom panels
(e-h) PCR analysis and 5-FC
rooting phenotype of cuttings
(n = 8 per genotype) tested for
rooting in the presence of 5-FC
(4, root formation). M DNA
size markers, P positive plasmid
DNA, N genomic DNA from

— 0.98kb
5FC rooting

(e =

wild-type ‘Bert.” The 0.98 kb is C
the expected PCR size for codA

o

N TEN- P = g

e 0-98Kb é ————— ——

M12 34567 8NP

~ ==0.98kb

" —
-+ - - 5FCrooting

deamination of 5-FC, inhibit growth of wild-type ‘Bert’
plants (Fig. 1). The tolerance of wild-type G. max to the
presence of 5-FC suggests that G. max lacks enzymatic
activity capable of converting 5-FC to 5-FU. These results
are in agreement with findings from in vitro assays, which
indicated that cytosine deaminase activity is absent from G.
max (Stougaard 1993).

The vector used in this research included the GUSPlus
reporter gene under control of the minimal (—60 bp)

@ Springer
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version of the CaMV 35S promoter. GUSPlus expression
was seen clearly in all the major organs of both GHC22
and GHC39 plants, but was not detected by histochemical
staining of organs from the GHC21 line (Fig. 3). Ongoing
experiments will determine the sites of transgene inser-
tion in GHC22 and GHC39 and verify if the GUSPlus
minimal promoter cassette was activated due to integra-
tion near a native soybean promoter or enhancer in these
lines.
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Fig. 5 Phenotypes of wild-type Bert

GHC21 T,

(Bert) and transgenic codA
(GHC21, GHC39, and GHC22)
G. max seedlings after transfer
to soil from 5-FC selection
medium. a Plants 1 week after
transfer from 200 pg/mL 5-FC
selection medium into potting
media. b Plants 2 weeks after
transfer to soil. ¢ PCR analysis
of resistant (R) and sensitive
(S) phenotypes on 5-FC
selection. N wild-type ‘Bert’
plants geminated on medium
without 5-FC, N200 wild-type
‘Bert’ plants germinated on
200 pg/mL 5-FC selection
media, R plants resistant to
5-FC, S plants sensitive to 5-FC

Our research results indicate that codA gene is stably
inherited and acts as a strong and effective marker for
conditional negative selection with the 5-FC substrate. The
ability to use negative selection will be very useful for
developing precise genomic engineering strategies for
soybean.
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