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Abstract Backcrossing is often used in cultivar devel-
opment to transfer one or a few genes to desired genetic
backgrounds. The duration necessary to complete such
‘trait conversions’ is largely dependent upon generation
times. Constitutive overexpression of the Arabidopsis
thaliana gene FT (FLOWERING LOCUS T) induces early-
flowering in many plants. Here, we used tobacco (Nicoti-
ana tabacum L.) as a model system to propose and examine
aspects of a modified backcross procedure where trans-
genic FT overexpression is used to reduce generation time
and accelerate gene transfer. In this method, the breeder
would select for an FT transgene insertion and the trait(s)
of interest at each backcross generation except the last. In
the final generation, selection would be conducted for the
trait(s) of interest, but against F7, to generate the back-
cross-derived trait conversion. We demonstrate here that
constitutive FT overexpression functions to dramatically
reduce days-to-flower similarly in diverse tobacco genetic
backgrounds. F7T-containing plants flowered in an average
of 39 days, in comparison with 87-138 days for non-FT
plants. Two FT transgene insertions were found to segre-
gate independently of several disease resistance genes
often the focus of backcrossing in tobacco. In addition, no
undesirable epigenetic effects on flowering time were
observed once FT was segregated away. The proposed
system would reduce the time required to complete a trait
conversion in tobacco by nearly one-half. These features
suggest the possible value of this modified backcrossing
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system for tobacco or other crop species where long gen-
eration times or photoperiod sensitivity may impede timely
trait conversion.

Introduction

The backcross breeding method is often used in cultivar
development programs when the goal is to introduce only
one or a few genes from a donor genotype into a desired
genetic background. The procedure provides a precise way
of improving existing materials considered to be elite for a
large number of attributes but deficient in a few charac-
teristics (Allard 1960). Nuclear genes controlling disease
resistance, morphological characteristics, or biochemical
traits are frequently the focus of backcrossing. In addition,
the method is typically used to establish male-sterile ver-
sions of elite lines by transferring nuclear genomes to
cytoplasms contributing to this trait. The technique has
likely gained greater application in recent years because of
increased efforts in transferring transgene insertion events
to elite commercial inbred lines. The process of transfer-
ring one or a few genes to a previously existing line using
the backcross breeding procedure is sometimes referred to
as ‘trait conversion.’

In the backcross method, an individual plant of the gene
donor is initially hybridized with an elite recipient line,
also referred to as the recurrent parent. Progeny possessing
the gene(s) or trait(s) of interest are then identified and
‘backcrossed’ to the recurrent parent. These steps are
typically repeated four or five additional times followed by
self-pollination to establish homozygosity for alleles con-
ditioning the trait(s) of interest. The general objective of
the backcross breeding method is to retain the gene(s) of
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interest and to eliminate the remainder of the donor parent
genome as rapidly and efficiently as possible. With each
successive backcross (in the absence of background
selection), the average percentage of the genome of the
offspring that is derived from the donor line decreases and
the percentage of the total recurrent parent genome
increases according to the formula

% recurrent parent genome = 100 [1 - (O.S)HI}7

where n = the number of backcross generations (Fehr
1987). The typical goal is to restore greater than 98% of the
recurrent parent genome in this process, and 5-6 backcrosses
are therefore generally made to establish a line nearly iden-
tical to that of the recurrent parent except for the introgressed
gene(s) and closely linked genes (Stam and Zeven 1981).

A goal in plant breeding is to establish new and
improved cultivars as quickly and efficiently as possible.
The duration necessary to complete a trait conversion using
the backcross procedure is largely dependent upon gener-
ation time (duration from seed to seed) for a given crop
plant species. For cultivated tobacco (Nicotiana tabacum
L.), for example, this interval is typically between 120 and
170 days in the field or greenhouse. More than 3 years
would therefore often be required to generate BCsF5 seed
for this species (Fig. 1). Methods for accelerating flowering
would have utility for reducing generation time and the
duration required to complete a trait conversion using the
backcross breeding method.

Some plant species can be induced to flower through
application of specific photoperiod and/or temperature
combinations. Other species may be generally nonreactive

Fig. 1 Comparison of FT-Assisted Scheme Conventional Scheme
backcross breeding schemes for . .
transferring a single dominant Trait Donor Recipient Line Trait Donor Recipient Line

Donor Line (Trait/trait)
+ 358 FT/----

gene (Trait) from a donor line to
representative burley tobacco
cultivar “TN 86.” Presentations
assume ~ 160 days from seed
to seed for commercial burley
tobacco, ~69 days from seed to
seed for 35S:FT plants,
continuous greenhouse space
availability, and ability to detect
the presence of the trait before
flowering

Select F, + Trait/trait +
35S8:FT/----

358:FT/----

X TN 86 (trait/trait) Donor Line (Trait/trait)

30 d from pollination

\

69 d from seed

\

Select BC\F, + Trait/trait+ X TN 86

X TN 86 (trait/trait)

30 d from pollination

to seed to seed

\

x TN 86 Select F, + Trait/trait x TN 86

160 d from seed
to seed

\

to seed
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to such treatments. Tobacco is considered to be a photo-
period insensitive plant species (although short-day,
photoperiod sensitive mutants do exist), but flowering can
be stimulated somewhat through exposure to specific
environmental conditions (Kasperbauer 1966, 1969;
Kasperbauer and Lowe 1966) or through grafting (Lang
et al. 1977). These methods do not work efficiently for
triggering flowering at a very early developmental stage,
however, and improved methods could dramatically reduce
the time required per backcross generation. Knowledge
about the molecular biology, genetics, and physiology of
flowering time in plants has accumulated rapidly in the last
10 years (Koornneef et al. 1998; Mouradov et al. 2002;
Jaeger et al. 2006). Mapping experiments have led to the
cloning of genes involved in flowering response in a
number of species such as Arabidopsis thaliana, barley,
wheat, tomato, and rice (Yano et al. 2000; El-Din El-Assal
et al. 2001; Yan et al. 2004; Abe et al. 2005; Turner et al.
2005; Wigge et al. 2005; Lifschitz et al. 2006). One major
gene that has been isolated is the A. thaliana gene FT
(FLOWERING LOCUS T) (Kardailsky et al. 1999). This
gene has been shown to encode for a graft-transmissible
signal and may be common to most, if not all, flowering
plants. Recent research has suggested that the FT protein,
rather than FT transcript, is the likely mobile long-distance
signal that is transported from the leaves, through the
phloem, and to the shoot meristem to induce flowering in
A. thaliana (Corbesier et al. 2007). When expressed con-
stitutively or via viral vectors, FT and its orthologues can
induce very early-flowering in tobacco, tomato, and other
plants (Lifshitz and Eshed 2006; Lifschitz et al. 2006; Hsu
et al. 2006; Lin et al. 2007).

A transgenic approach involving constitutive F7T over-
expression could be useful for accelerated backcross
breeding for certain crops. Here, we use tobacco as a model
system to propose and examine aspects of a breeding
system where selection for an FT transgene insertion and
the trait(s) of interest would be conducted in each back-
cross generation except the final generation. In the final
backcross generation, selection would be conducted for the
trait(s) of interest, but against the FT transgene to generate
the backcross-derived trait conversion. Desired features of
such a system would be applicability to diverse genetic
backgrounds, independent segregation between FT and the
gene(s) controlling the trait(s) of interest, and absence of
FT transgene-induced epigenetic effects on flowering time
after the transgene is segregated away. In experiments
described here, tobacco was transformed with F7 under
control of the CaMV 35S promoter. Experiments were
conducted to (1) examine the effectiveness of FT over-
expression for stimulating early-flowering in diverse
genetic backgrounds, (2) demonstrate independent segre-
gation between several 35S:FT transgene insertions and

four disease resistance genes which are often the focus of
backcrossing in tobacco breeding, and (3) investigate the
possibility of lingering epigenetic effects on flowering time
once FT is segregated away.

Materials and methods
Transformation

The A. thaliana FT cDNA clone (Kardailsky et al. 1999)
was kindly provided by Dr. Detleif Weigel of the Max
Planck Institute for Developmental Biology, Tubingen,
Germany. The binary Ti vector pBI121 (Jefferson et al.
1987) was used for transformation experiments. The GUS
gene of this vector was replaced with the FT cDNA
sequence to generate the new expression construct
pSPK100 where expression of FT is driven by the CaMV
35S promoter. The selectable marker gene in this construct
is npfll. The new construct was electroporated into Agro-
bacterium tumefaciens strain LBA4404, and standard leaf
disk transformation of burley tobacco cultivar ‘TN 90LC’
was performed according to the procedures of An et al.
(1986). Regenerated 35S:FT transformants (R, generation)
exhibiting very obvious early-flowering phenotypes were
retained for pollinations and further characterization.

Initial progeny testing

Regenerated TN 90LC 35S:FT Ry transformants exhibiting
early-flowering phenotypes were hybridized as pollen par-
ents with non-transformed TN 90LC. Eighteen to 54 F,
progeny per cross were then evaluated for the early-flow-
ering phenotype in a laboratory growth room maintained
at 24-26°C and a photoperiod of 16 h light/8 h dark.
Chi-Square tests (Steel et al. 1997) were performed to
determine if observed ratios of early-flowering: normal-
flowering plants conformed to that expected if there were
one or two independently segregating 35S:FT transgene
insertions. Based on these results, progeny from two R
transformants predicted to likely possess single 35S:FT
insertions were selected for further characterization.
Early-flowering F; plants corresponding to the two
selected R transformants were backcrossed to non-trans-
formed TN 90LC. Data were collected for days to
flowering (reported throughout this investigation as days to
first anther dehiscence) for 61 and 63 plants from the two
BC,F, progeny groups, respectively. Plants were initially
grown in a laboratory growth room and data for early-
flowering plants were collected in this environment. Non-
early-flowering plants were transplanted to a field location
(Central Crops Research Station, Clayton, NC) 50 days
after seeding where flowering dates were also recorded.
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PCR testing was also performed on each BC,F; plant to
detect the presence/absence of 35S:FT using forward pri-
mer 5'-CTGGAACAACCTTTGGCAAT-3' and reverse
primer 5-AGCCACTCTCCCTCTGACAA-3' which were
expected to amplify a 219 bp PCR product.

In order to test for the possibility of inactive or frag-
mented foreign DNA insertions in normal-flowering BCF,
plants (an important aspect of the modified backcross
procedure), PCR reactions were also performed to test for
the presence/absence of a 195-bp region of the CaMV 35§
promoter amplified by forward primer 5'-GCTCCTACA
AATGCCATCA-3' and reverse primer 5'-GATAGTG
GGATTGTGCGTCA-3'. PCR reactions were also per-
formed to test for the presence/absence of a 206-bp region
of the nopaline synthase (NOS) terminator sequence using
forward primer 5-TCGTTCAAACATTTGGCAAT-3' and
reverse primer 5'-TTGCGCGCTATATTTTGTTTT-3'.

All PCR reactions were performed using a 96-well
PTC 100 thermal cycler (MJ Research, Watertown, MA)
in 20 pl volumes containing 100 ng genomic DNA, 1X
PCR buffer (New England Biolabs, Ipswich, MA), 2 mM
MgSO,, 250 uM of each dNTP, 1.25 units of Tag DNA
polymerase (New England Biolabs), and 0.5 uM for each
primer. Reaction parameters for F7T detection were a
single cycle of 95°C for 2 min, 52°C for 1 min, and 72°
for 2 min; 30 cycles of 95°C for 15 s, 52°C for 1 min,
and 72°C for 2 min; and a final step of 72°C for 5 min.
Reaction parameters for the 355 and NOS PCR tests were
a single cycle of 94°C for 150 s, 58°C for 1 min, and
72°C for 2 min; 30 cycles of 94°C for 30 s, 58°C for
1 min, and 72°C for 2 min; and a final step of 72°C for
5 min.

Effect of constitutive FT overexpression in diverse
genetic backgrounds

Early-flowering F; progeny (TN 90LC/TN 90LC 35S:FT
Ry) corresponding to the two selected R, transformants
were also used to evaluate the effect of FT overexpression
in diverse genetic backgrounds. Early-flowering 35S:FT
F, individuals were crossed with six genetically diverse
tobacco cultivars or genetic stocks that exhibit a wide
range of flowering times, leaf numbers, and plant types:
‘Petite Havana,” ‘Connecticut Shade 8212, ‘TN 86, ‘NC
2326,” ‘Speight 168,” and ‘Xanthi.” Petite Havana is a
very early-flowering genetic stock of tobacco with very
low leaf number. Connecticut Shade 8212 is a cigar
wrapper tobacco cultivar with high plant height and rel-
atively high leaf number. TN 86 is a burley tobacco
cultivar that flowers relatively late and has a high leaf
number. NC 2326 and Speight 168 are flue-cured tobacco
cultivars that produce, on average 16 and 22 leaves,
respectively. Xanthi is an oriental tobacco cultivar that
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produces a relatively high number of smaller leaves on an
average-size stalk.

Twenty-two to 36 individuals from each of the 12
resulting progeny sets were evaluated for days to flowering.
Plants were initially grown in a laboratory growth room
and data for early-flowering plants were collected in this
environment. Non-early-flowering plants were transplanted
to a field location (Central Crops Research Station, Clay-
ton, NC) 45 days after seeding where flowering dates were
recorded.

Independent segregation between FT and major disease
resistance genes

A desired feature of an FT-assisted backcrossing system
would be non-linkage between a specific 35S:FT transgene
insertion and the gene(s) controlling the trait(s) of interest.
358:FT transgene insertion events corresponding to the two
selected R, transformants were tested for linkage with four
disease resistance genes that are frequently the focus of
backcrossing in tobacco breeding: the Tobacco Mosaic
Virus (TMV) resistance gene N derived from N. glutinosa
(Lewis et al. 2005), a major blue mold (caused by Pero-
nospora tabacina) resistance quantitative trait locus (QTL)
designated as BMR likely introgressed from N. debneyi
(Milla et al. 2005), the Race O black shank (caused by
Phytophthora parasitica var. nicotianae) resistance gene
Ph transferred from N. plumbaginifolia (Johnson et al.
2002b), and the root knot nematode (Meloidogyne incog-
nita) resistance gene Rk (Yi et al. 1998). All of these genes
exhibit complete or partial dominance.

Crosses were made to generate segregating progenies
suitable for determining the possibility of linkage between
the 35S:FT transgene insertions derived from the selected
Ry transformants and the four major disease resistance
genes described above. Materials involved in these crosses
were TN 90LC (N/N, bmr/bmr, phiph, rkirk), flue-cured
tobacco cultivar Speight 168 (n/n, bmr/bmr, Ph/Ph, Rk/Rk),
and burley tobacco cultivar ‘NC 2000’ (N/N, BMR/BMR,
phiph, rkirk). Early-flowering TN 90LC/TN 90LC 35S:FT
Ry F; individuals were initially crossed with both Speight
168 and NC 2000. Early-flowering progeny were subse-
quently crossed to either untransformed TN 90LC or
Speight 168 to establish eight progeny groups (Table 3) to
be used for linkage tests.

For each progeny group, 47-48 plants were phenotyped
for early-flowering and genotyped for the presence/absence
of the 35S:FT transgene. In addition, plants were geno-
typed with a resistance gene-specific marker, or genotyped
with a DNA marker closely linked to the resistance gene of
interest. For TMV resistance conferred by N, plants were
genotyped using gene-specific primer pairs E1 and E2
(Lewis et al. 2005). For blue mold resistance controlled
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by BMR, plants were genotyped with SCAR marker
SOPRO06,6g previously identified as being closely linked to
BMR by Milla et al. (2005). For Race O black shank
resistance, plants were genotyped with RAPD marker
OPZ577¢ previously identified as being closely linked to Ph
on an introgressed N. plumbaginifolia chromosome seg-
ment (Johnson et al. 2002a). For root knot nematode
resistance conferred by Rk, plants were genotyped with
RAPD marker UBC482,¢, previously identified as being
closely linked to Rk by Yi et al. (1998). Chi-square tests for
independence using 2 x 2 contingency tables were used to
test the hypothesis of independent segregation between the
35S8:FT transgene insertions and each of the four DNA
markers.

Testing for epigenetic effects

Epigenetic effects refer to modifications to genes other than
changes in the DNA sequence, and may include DNA
methylation and histone acetylation (Zhang 2008). The
possibility that 35S:FT may cause undesirable epigenetic
effects on flowering time in progeny after it is segregated
away was investigated. BCF; plants corresponding to each
of the two selected Ry transformants were used. The two
BC,F, groups were developed by crossing early-flowering
TN 90LC/TN 90LC 35S:FT R, F; individuals with
untransformed TN 90LC. Non-early-flowering segregants
(18 and 13 individuals for progeny derived from Ry trans-
formants P54a and P211a, respectively), were transplanted
to a field environment along with 28 non-transformed

Fig. 2 Untransformed burley
tobacco cultivar TN 90LC (left)
and TN 90LC possessing
35S:FT transgene (right). The
former flowers in approximately
145 days, while the transgenic
plant flowered in 40 days

TNI9OLC individuals. The three sets of plants were evalu-
ated and compared for days-to-flower and plant height (cm
to the height of the lowest floral branch at the time of
flowering). PROC TTEST of SAS (SAS Institute, Cary,
NC) was used to perform simple ¢ tests to test for significant
differences between TN 90LC and transgenic-derived
individuals.

Results
Plant transformation and initial progeny testing

A total of 22 independent TN 90LC R, transformants
exhibiting a very early-flowering phenotype were regen-
erated from tissue culture. These plants typically flowered
at the two- or three-leaf stage (Fig. 2). The cultivar TN
90LC typically requires approximately 145 days to flower
in normal greenhouse environments and produces more
than 25 leaves. In order to estimate the number of active
358:FT transgene insertions that were present in these Ry
transformants, each was crossed with untransformed TN
90LC to produce 22 F; progeny sets that were examined
for segregation of the early-flowering phenotype. Three
primary transformants exhibited segregation ratios of
early-flowering: normal-flowering plants for which Chi-
square suggested the presence of a single 35S:FT transgene
insertion (Table 1). The remainder exhibited segregation
ratios suggesting the presence of two or more segregating
358:FT transgene insertions. Throughout experiments
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Table 1 Segregation for early-flowering phenotype in progeny derived from crossing TN 90LC R, transformants with non-transformed TN

90LC

Ry transformant

# plants
early-flowering

# plants
non-early-flowering

7 P>

Single segregating
FT insertion

Two segregating
FT insertions

18.00 (<0.0001)*
5.56 (0.0184)
10.89 (0.0010)
8.00 (0.0047)
32.11 (<0.0001)
18.00 (0.0001)
10.67 (0.0011)
5.56 (0.0184)
18.00 (<0.0001)
5.56 (0.0184)
5.56 (0.0184)
7.11 (0.0077)
3.56 (0.0593)
10.89 (0.0010)
18.00 (<0.0001)
8.00 (0.0047)
18.00 (<0.0001)

6.00 (0.0143)
0.07 (0.7855)
1.85 (0.1736)
0.67 (0.4142)
9.48 (0.0021)
6.00 (0.0143)
0.22 (0.6374)
0.07 (0.7855)
54.00 (<0.0001)
0.07 (0.7855)
0.07 (0.7855)
42.82 (<0.0001)
0.07 (0.7855)
1.85 (0.1736)
54.00 (<0.0001)
0.67 (0.4142)
54.00 (<0.0001)

TN 90LC 35S:FT P21a 18 0
TN 90LC 35S:FT P181a 14 4
TN 90LC 358:FT P22a 16 2
TN 90LC 35S:FT P115a 15 3
TN 90LC 35S:FT P31a 35 1
TN 90LC 35S:FT P171a 18 0
TN 90LC 35S:FT P222a 39 15
TN 90LC 35S:FT P146a 14 4
TN 90LC 35S:FT P112a 0 18
TN 90LC 35S:FT P182a 14 4
TN 90LC 35S:FT P161a 14 4
TN 90LC 35S:FT P192a 10 26
TN 90LC 35S:FT P193a 13 5
TN 90LC 35S:FT P203a 16 2
TN 90LC 35S:FT P53a 0 18
TN 90LC 35S:FT P191a 15 3
TN 90LC 35S:FT P91a 0 18
TN 90LC 35S:FT P211a° 31 23
TN 90LC 35S:FT P54a” 28 26
TN 90LC 35S:FT P223a 13 5
TN 90LC 35S:FT P221a 12

TN 90LC 35S:FT P113a 31 23

1.19 (0.2763) 8.91 (0.0028)
0.07 (0.7855) 15.43 (<0.0001)
3.56 (0.0593) 0.07 (0.7855)
2.00 (0.1573) 0.67 (0.4142)
1.19 (0.2763) 8.91 (0.0028)

* Number in parenthesis indicates probability of observing the data under the given model

® Progeny derived from this Ry, transformant were selected for further study

described here, early-flowering plants were easily distin-
guishable from normal-flowering plants prior to actual
flower development because of their characteristic shorter
leaf trichomes leading to smoother leaf surfaces, and
because the last emerging leaves exhibited more of an
upright leaf habit.

Progeny corresponding to R, transformants P211a and
P54a were selected for further characterization based on
Chi-square based likelihoods of single segregating 35S:FT
loci (P > 0.05). Early-flowering F; plants corresponding to
these two R transformants were backcrossed to non-
transformed TN 90LC to produce two groups of BCF,;
progeny. Sixty-one and 63 plants from the two groups,
respectively, were evaluated for flowering time and also
genotyped for the presence/absence of FT, the CaMV 35S
promoter, and the NOS terminator region. Complete co-
segregation was observed between the early-flowering
phenotype and the expected 219 bp FT PCR product in
both progeny groups. No PCR product was observed for
FT, the CaMV 35S promoter, or the NOS terminator region
in any of the normal-flowering types. The average days-to-
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flower (days to first anther dehiscence) for 35S:FT plants
from BC,F; progeny groups corresponding to Ry trans-
formants P54a and P211la were 41.1 and 41.8 days,
respectively. In contrast, the average days-to-flower for
non-35S:FT plants were 131.4 and 135.2 days for the two
groups, respectively.

Effect of constitutive FT overexpression in diverse
genetic backgrounds

Early-flowering TN 90LC F, progeny corresponding to the
two selected R transformants were crossed with six diverse
tobacco types to evaluate the effect of 355:FT in diverse
genetic backgrounds. No obvious differences were observed
for the effect of 35S:FT among the different crosses. Aver-
age days-to-flower for early-flowering progeny within each
group ranged from 36.1 to 40.3 days (Table 2). Averaged
over all crosses, early-flowering progeny exhibited an
average days-to-flower of 38.8 days. Over all early-flower-
ing plants, the range in days-to-flower was 34 to 45 days.
Average days-to-flower for normal-flowering progeny
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Table 2 Average days to flower (first anther dehiscence) for progeny from crosses between transgenic TN 90LC 35S:FT plants and six diverse

lines

Progeny set

Days-to-flower for
early-flowering segregants

Days-to-flower for
normal-flowering segregants

Average® Range Average® Range
Speight 168/TN 90LC 35S:FT P54a 38.9 (29) 37-41 112.0 (6) 103-114
Speight 168/TN 90LC 35S:FT P211a 36.5 (24) 35-39 111.6 (10) 102-123
NC 2326/TN 90LC 35S:FT P54a 37.2 (25) 34-40 113.0 (9) 104-129
NC 2326/TN 90LC 35S:FT P211a 39.7 (33) 37-44 109.7 (3) 96-118
TN 86/TN 90LC 35S:FT P54a 39.7 (17) 38-41 138.0 (5) 130-146
TN 86/TN 90LC 35S:FT P211a 40.3 (28) 3943 111.1 (8) 102-125
Connecticutt Shade 8212/TN 90LC 35S:FT P54a 40.0 (27) 3945 105.4 (9) 101-111
Connecticutt Shade 8212/TN 90LC 35S:FT P211a 39.6 (27) 3941 112.0 (9) 101-137
Xanthi/TN 90LC 35S:FT P54a 39.5 (30) 3742 96.0 (7) 93-98
Xanthi/TN 90LC 35S:FT P211a 39.7 (31) 3743 109.2 (5) 98-132
Petite Havana/TN 90LC 35S:FT P54a 36.1 (25) 34-38 86.7 (11) 85-90
Petite Havana/TN 90LC 35S:FT P211a 37.4 (28) 3543 91.8 (8) 88-95

? Number in parenthesis indicates number of plants for which data were averaged

groups ranged from 86.7 days for progeny involving crosses
with Petite Havana, to 138.0 days for progeny derived from
crosses involving burley tobacco cultivar TN 86 (Table 2).
Data for non-35S:FT plants were consistent with their
pedigrees, where plants derived from crosses involving
early-flowering lines such as Petite Havana flowered earli-
est, and pedigrees involving the later-flowering tobacco
cultivar TN 86 generally flowered the latest. Advantage in
terms of 35S:FT-based reduction in days to flower was
greatest for crosses involving burley tobacco cultivar TN86
(81.4 days and 67.0% reduction averaged over both trans-
genic events), and least for crosses involving the early-
flowering genetic stock Petite Havana (52.1 days and 58.6%
reduction averaged over both events).

Independent segregation between FT and major disease
resistance genes

Transgene insertions in materials derived from primary
transformants P211a and P54a (Table 3) were evaluated for
linkage to each of four separate disease resistance genes.
Presence of disease resistance genes was determined via
genic (the case for TMV resistance gene N) or predicted via
closely linked DNA markers (the case for blue mold
resistance QTL BMR, the black shank resistance gene Ph,
and the root knot nematode resistance gene Rk). Chi-square
tests for independence suggested that neither of the 35S:FT
transgene insertions were linked to DNA markers for Ph or
Rk (Table 3). The test suggested that the 35S:FT transgene
insertion event derived from R transformant P54a was
inserted in the same chromosome as N (P = 0.024), and
that the transgene insertion event derived from R

transformant P211a was inserted in the chromosome car-
rying BMR (P = 0.043). Linkages were not to the extent
that recombination between the two genes could not easily
be identified, however (Table 3). Complete cosegregation
was also observed between the early-flowering phenotype
and the presence of the expected FT PCR product in each
group. No FT PCR products were observed in normal-
flowering individuals.

Testing for epigenetic effects

The possibility that 35S:FT may cause unintended epige-
netic effects on flowering time or plant height in progeny
after the transgene is segregated away was investigated.
Field-grown normal-flowering TN 90OLC/TN 90LC 35S:FT//
TN 90LC BC,F; individuals (see above) were compared to
untransformed field-grown TN 90LC individuals. If the
presence of 35S:FT has a tendency to cause alterations in
expression of genes affecting flowering time once it is seg-
regated away, we would have expected to see differences in
flowering time between the untransformed TN 90LC group
and the transgenic-derived group. No significant differences
were observed, however, between TN 90LC and normal-
flowering segregants derived from either R, transformant for
either flowering time or plant height (P > 0.05).

Discussion
The influence of constitutive overexpression of FT in

tobacco has been published previously, with emphasis on
understanding the role of this gene on the physiology of
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Table 3 Tests for independent segregation between 35S:FT transgene insertions and four disease resistance genes

35S:FT Observed Observed Observed Observed  y° P
Insertion FT + Dis. FT + Dis. non- non- value
resistant  susceptible FT + Dis. FT + Dis.

Event Disease resistance gene Progeny set pedigree resistant  susceptible

P54a  Tobacco mosaic virus TN 90LC 35S:FT P54a (NN)/Speight 168 9 13 19 7 5.073 0.024
resistance gene N (nn)//Speight 168 (nn)

P211a Tobacco mosaic virus TN 90LC 35S:FT P211a (NN)/Speight 168 11 12 14 11 0.321 0.571
resistance gene N (nn)//Speight 168 (nn)

P54a  Blue mold resistance TN 90LC 35S:FT P54a (bmrbmr)/NC2000 11 13 12 12 0.084 0.773
QTL BMR (BMRBMR)//TN 90LC (bmrbmr)

P211a Blue mold resistance TN 90LC 35S:FT P211a (bmrbmr)/NC2000 9 15 16 8 4.090 0.043
QTL BMR (BMRBMR)//TN 90LC (bmrbmr)

P54a  Race 0 black shank TN 90LC 35S:FT P54a (phph)/Speight 168 9 13 11 15 0.010 0.922
resistance gene Ph (PhPh)//TN 90LC (phph)

P211a Race 0 black shank TN 90LC 35S:FT P211a (phph)/Speight 168 11 12 9 15 0.512 0.474
resistance gene Ph (PhPh)/ITN 90LC (phph)

P54a  Root knot nematode TN 90LC 35S:FT P54a (rkrk)/Speight 168 13 9 13 12 0.238 0.626
resistance gene Rk (RkRK)//TN 90LC (rkrk)

P211a Root knot nematode TN 90LC 35S:FT P211a (rkrk)/Speight 168 15 8 13 11 0.596 0.440
resistance gene Rk (RkRKk)/ITN 90LC (rkrk)

Table 4 Estimated number of days to complete backcross trait conversions (generation of BC,F; seed) for x backcrosses and six different
hypothetical genetic backgrounds with different generation times

Genetic background generation time # backcrosses
2 3 4 5 6 7 8 9
70 310° 380 450 520 590 660 730 800
307° 376 445 514 583 652 721 790
(1.0)° (1.1) (1.1) (1.2) 1.2) (1.2) (1.2) (1.3)
100 430 530 630 730 830 930 1,030 1,130
337 406 475 544 613 682 751 820
(21.6) (23.4) (24.6) (25.5) (26.1) (26.7) (27.1) (27.4)
130 550 680 810 940 1,070 1,200 1,330 1,460
367 436 505 574 643 712 781 850
(33.3) (35.9) (37.7) (38.9) (39.9) (40.7) (41.3) (41.8)
160 670 830 990 1,150 1,310 1,470 1,630 1,790
397 466 535 604 673 742 811 880
(40.7) (43.9) (46.0) (47.5) (48.6) (49.5) (50.2) (50.8)
190 790 980 1,170 1,360 1,550 1,740 1,930 2,120
427 496 565 634 703 772 841 910
(45.9) (49.4) (51.7) (53.4) (54.6) (55.6) (56.4) (57.1)
220 910 1,130 1,350 1,570 1,790 2,010 2,230 2,450
457 526 595 664 733 802 871 940
(49.8) (53.5) (55.9) (57.7) (59.1) (60.1) (60.9) (61.6)

Data are presented for (1) days required to complete trait conversion using conventional system, (2) days required to complete conversion using
FT-based system, and (3) percent reduction in time required using F7-based system. Calculations are based on the assumption that the trait is
controlled by a single dominant gene and that phenotyping or genotyping can be performed on vegetative tissues prior to flowering

? The first number indicates the number of days required to complete trait conversion using the conventional backcrossing system
° The second number indicates the number of days required to complete trait conversion utilizing the FT-based backcrossing system

¢ Number in parenthesis indicates percent reduction in days required using the F7-based system
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flowering in plants (Lifschitz et al. 2006). In the current
study, we have demonstrated that 35S:FT transgene
expression has a dramatic effect to stimulate early-flow-
ering approximately 39 days after seeding in a diverse
array of tobacco genetic backgrounds. Normal tobacco
cultivars generally require 120-170 days to flower in field
or greenhouse situations. Tobacco seed capsules typically
require 21-30 days to mature following pollination
(Wernsman and Matzinger 1980), although seeds can be
germinated as soon as 14 days after pollination (Gwynn
1973). The 35S:FT system can thus be used to reduce
generation time to 55-69 days.

The substantial reduction in generation time conferred
by 35S:FT transgene expression points to the gene’s pos-
sible utility in a modified backcross system that could
dramatically lessen the time required to complete back-
cross trait conversions for some crop species. In the current
investigation, we have demonstrated independent segre-
gation between two 35S:FT transgene insertions and
several major disease resistance genes frequently deployed
in tobacco cultivar development. In addition, no remnant
foreign FT, CaMV 35S promoter, or NOS terminator
sequences were detected in normal-flowering segregants
derived from the selected R transformants using the PCR
methods utilized here. Furthermore, we observed no evi-
dence of undesirable epigenetic effects on flowering time
after the transgene is segregated away. These are three
desired features of a modified backcrossing system
designed to take advantage of 35S:FT-induced early-flow-
ering. We therefore propose a breeding scheme in which
the breeder would initially hybridize a gene donor carrying
35S:FT and the trait(s) of interest with a desired recipient
genotype. The breeder would then select for 35S:FT and
the trait(s) of interest at each backcross generation except
for the final backcross generation. At the final backcross
generation, the breeder would select for the trait(s) of
interest, but against the presence of 355:FT, to generate the
backcross-derived trait conversion. For a dominant gene of
interest in tobacco, we estimate that use of this system
would reduce the time required to complete five back-
crosses and generate BCsF3 seed from 1,150 to 604 days
(47.5% reduction), assuming a genetic background that
typically exhibits a generation time of 160 days (Fig. 1).
This represents a year and one-half reduction in time
required for commercial release of a new cultivar. The
method could also be of great value for reducing the time
required to transfer the nuclear genome of an elite line to a
cytoplasm contributing to male-sterility. The number of
backcross generations used in cultivar development pro-
grams may differ and depend upon a number of factors
including breeder preference, the genetic distance between
the recurrent and nonrecurrent parents, and preliminary
phenotypic or genotypic selections that may occur in early

backcross generations. The advantage of the FT-assisted
backcross method would increase as the average generation
time increases (genetic background effect) and as the
number of intended backcrosses increases (Table 4). An
additional advantage may include a reduction in space
required for backcross breeding efforts. For tobacco, the
space requirements for 35S:FT plants are small and polli-
nations can be made on numerous plants maintained in
laboratory growth rooms.

Generation time in some plant species can be reliably
reduced through modification of environmental conditions
such as light and/or temperature. For other species, how-
ever, environmentally induced premature flowering may be
erratic or not applicable. The FT-based system proposed
here may have utility for species besides N. tabacum where
shorter generation times are desired for plant breeding
procedures such as backcrossing. Advantages would be
greatest for species with long generation times or species
where photoperiod sensitivity or vernalization require-
ments may be complicating factors. FT orthologues have
been demonstrated to function to cause early-flowering in
other plant species (Lifschitz et al. 2006; Bohlenius et al.
2006; Hsu et al. 2006; Lin et al. 2007; Tamaki et al. 2007),
and these gene products may play a role in regulation of
flowering time in many angiosperm species. The system
could be especially valuable for tree species where many
years are sometimes required for initial floral structure
formation (Bohlenius et al. 2006; Hsu et al. 2006).
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