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Abstract Cultivated tobacco produces secondary
alkaloids involved in the formation of nitrosamines
with health concerns. The recent identification of
target genes in nicotine and nornicotine biosynthetic
pathways now allows biotechnological approaches
for their control. We demonstrate here that mutation
breeding can be used as an alternative to genetically
modified (GM) plants for generating nornicotine-free
tobacco. Ten alleles of the NtabCYPS2E4 gene
(nicotine N-demethylase) were identified by screen-
ing 1,311 M2 families of tobacco ethylmethane
sulphonate (EMS) mutants. Alkaloid analysis indi-
cated that the nornicotine contents of homozygous
M2 plants carrying nonsense or missense alleles of
NtabCYP82E4 were very low or near-null. Back-
crossing with tobacco elite varieties yielded BCl1
plants phenotypically undistinguishable from parental
lines. This major objective of tobacco breeders in the
last few decades could be reached in a period of less
than 1.5 years, including the creation of highly
mutagenised tobacco mutant collections and the
detection of mutated alleles using a simple and
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versatile detection technology (capillary electropho-
resis-single strand conformation polymorphism,
CE-SSCP) accessible to most breeding companies
and crop species.
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Introduction

The recent advances in the knowledge of metabolic
pathways controlling the accumulation of secondary
alkaloids in tobacco and the development of new
genomic tools for detecting allelic variability now
offer new opportunities to reduce the risks associated
with tobacco. In the last few decades, there has been a
growing concern about the possible detrimental effect
on human health of specific compounds found in
tobacco smoke. Lists of potentially harmful tobacco
agents have been established and are now being used
by governmental agencies (e.g. Health Canada) as a
reference for the registration of new cigarette brands
(Hoffmann et al. 1997). Among these are the sec-
ondary alkaloids derivatives, which are supposed to
be implicated in the increased risks for various
pathologies. As a consequence, their reduction in
tobacco has become a major goal for tobacco
companies. Efforts are mostly focussed on nicotine
and on its conversion product, nornicotine. Nornic-
otine is highly undesirable because the tobacco
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nitrosamine N-nitrosonornicotine (NNN), which is
formed from nornicotine during leaf-curing and
storage (Hashimoto and Yamada 1994; Bush et al.
2001; Xu et al. 2007), has been implicated in the
increased risks for certain diseases, such as oesoph-
ageal and oral tumours (Hecht 2003; Hoffmann
et al. 1997). Besides, nornicotine could cause detri-
mental health effects by triggering aberrant protein
glycation associated with metabolic diseases (Dick-
erson and Janda 2002). Though nornicotine levels
are lower in amphidiploid-cultivated tobacco N.
tabacum than in the parental species N. sylvestris
and N. tomentosiformis (Gavilano et al. 2007),
nicotine-to-nornicotine conversion still occurs in
tobacco plants termed converter, which are mostly
found in burley cultivars. Conventional tobacco
breeding succeeded in creating low converter elite
varieties but experience shows that an appreciable
proportion of the plants (up to 20%) may reverse to
converter phenotype in field conditions (Gavilano
et al. 2006). The recent breakthrough demonstration
that nicotine-to-nornicotine conversion in tobacco
was catalysed by a Cytochrome P450 with a
function of nicotine N-demethylase, referred to as
NtabCYP82E4 (Gavilano et al. 2007; Siminszky
et al. 2005), together with the recent availability of
new genomic tools, paved the way for the successful
reduction of nornicotine in cultivated tobacco by
biotechnological approaches, such as RNA interfer-
ence (Gavilano etal. 2006) or the mutation
technology strategy described herein.

Mutation breeding has been used for decades to
modify existing traits or to create new valuable traits
within the cultivated varieties. The improvement of
cultivated varieties largely depends on the use of new
genetic variability in crop species with narrow
genetic basis. Improving alleles can originate from
wild germplasm and related species, as successfully
experimented in various species (Tanksley and
McCouch 1997; Fernie et al. 2006). Alternatively,
genetic variability can be created by physical or
chemical mutagens, such as X-ray, fast neutron or
ethylmethane sulphonate (EMS). In the past, muta-
tion breeding has produced a set of improved
commercial varieties in a wide range of species,
including tobacco (see the FAO database at
http://www-infocris.iaea.org/MVD/). However, until
recently, this strategy was difficult to implement by
breeders because it relied on the phenotypic
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screening of large populations and, therefore, on
lengthy breeding programs.

To become attractive in most crop species,
mutation breeding must adjust to rapidly evolving
markets that require the frequent releases of new
varieties. Several conditions are necessary to reach
this objective. First, mutant collections should
display high mutation frequencies in order to
reduce mutant screening effort, yet without com-
promising plant development, fecundity and
quality. Ideally, the mutated lines entering the
breeding process should show no phenotypic
changes, except for the improved trait. Second,
in addition to highly mutagenised plant collections,
sensitive methods allowing the rapid, systematic
and automated identification of mutations in
targeted sequences must be available. In addition
to the endonuclease-based TILLING (Targeting
Induced Local Lesions IN Genomes) technology
(Colbert et al. 2001; Henikoff and Comai 2003),
which has been successfully used for mutation
breeding in wheat (Slade et al. 2005), a number of
other mutation-detection technologies are poten-
tially amenable to mutation breeding (McCallum
et al. 2000; Ellis et al. 2000; Doi et al. 2004;
Bjgrheim and Ekstrgm 2005; Davies et al. 2006;
Yeung et al. 2005; Comai and Henikoff 2006).

To fully exploit the considerable genetic variability
created by mutagenesis in crop plants for breeding, we
propose a simple and highly reproducible mutation
detection strategy based on the high-throughput
capillary electrophoresis-single strand conformation
(CE-SSCP) analysis of highly mutagenised mutant
collections. Easily accessible to breeding companies
and applicable to most crop species, this approach has
enabled us to obtain in a very short period of time
(<1.5 years) the long sought-after non-genetically
modified nornicotine-free tobacco line, by targeting
the tobacco nicotine N-demethylase gene.

Materials and methods

Plant material

The seeds of a burley-type tobacco accession,
BB16NN (Delon et al. 1999) (Institut du Tabac de

Bergerac, Accession No. 1139), were used for
creating the Nicotiana tabacum mutant libraries.
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The main characteristics of BBI6NN are its suscep-
tibility to Potato Virus Y (PVY) and its potential to
convert nicotine to nornicotine. BB16NN originates
from BB16 (Institut du Tabac de Bergerac, Accession
No. 450), a non-converter tobacco, among which,
converter plants were found and maintained by self-
pollination.

Ethylmethane sulphonate mutagenesis

Pilot experiments with ethylmethane sulphonate
(EMS) concentrations ranging from 0% to 1.5% were
first performed on batches of 100 seeds. EMS
concentrations displaying 25% to 40% reduction in
germination rate at 7 days after treatment were
chosen. Two tobacco EMS mutant libraries, termed
L1 and L2, were constructed by soaking tobacco
seeds (6,000 seeds per library) overnight (16 h) in
0.8% EMS (L1) or 0.6% EMS (L2) solutions,
followed by 12 washings of 30 min in water under
shaking. In addition, L1 library seeds were pre-
germinated for 2 days before EMS treatment. The
mutagenised M1 seeds were grown to M1 plantlets in
a greenhouse and transferred to the field to give M2
generation by self-pollination. M2 seeds were col-
lected from each M1 plant and stored until use. Leaf
material was collected from eight M2 seeds, sown in
a single pot in greenhouse and pooled (two 8-mm-
diameter discs for each plant, i.e. ~100 mg fresh
weight per family) to constitute the pooled M2
family. DNA was extracted using QIAGEN DNeasy
96 Plant Kit according to the manufacturer’s
instructions.

Polymerase chain reaction amplification of target
genes

Before screening target genes, the DNA quality of the
samples was checked by amplifying the tobacco
nitrate reductase gene (Genbank accession X14059)
(data not shown). Primers were designed to specifi-
cally amplify the exons of tobacco N. tomentosiformis
homoeologs of arginine decarboxylase ADCI (Gen-
Bank AF127240) and of nicotine N-demethylase
NtabCYP82E4 (GenBank DQ131886) genes. Forward
and reverse ADCI primers were ADCI-F (ACGCT
ACTGTTTCCCC) and ADC1-R (ACGACCCGAAT

TTGACAA). Forward and reverse NtabCYP82E4
primers were CYP82E4-F (ATTTTTGGCCAATTAC
GGAC) and CYP82E4-R (AAACACCGTTGCCT
TAATGA). Amplicons were further sequenced to
confirm the identity of the genes. Polymerase chain
reaction (PCR) amplifications before CE-SSCP anal-
ysis were carried out with FAM and VIC dye-labelled
primer pairs in a 20-ul volume containing 1 pl of
DNA, 10x AmpliTaq buffer (Applied Biosystems,
Foster City, CA), 1 pl of ANTPs (Applied Biosystems,
2.5 mM each), 50 ng of each primer and 0.05 U of
AmpliTaq Polymerase (Applied Biosystems). PCR
was conducted using a thermal cycler (GeneAmp®™
PCR System 9600, Applied Biosystems) as follows:
35 cycles of 94°C for 30 s, 58°C (ADCI) or 62°C
(NtabCYP82E4) for 45 s, 72°C for 1 min, followed by
7 min at 72°C for the final extension.

Capillary electrophoresis

Fluorescent-labelled PCR products were diluted 1/20
in water before CE-SSCP analysis. Prior to loading on
ABI Prism 3100Avant (Applied Biosystems), 1 pl of
the diluted sample was added to 10 pl of formamide
(Applied Biosystems) and 0.1 pl of Genescan-500 LIZ
Size Standard (Applied Biosystems). A denaturation
step of 94°C for 3 min followed by cooling on ice was
used for single-strand conformation analysis.

Running conditions on the ABI Prism 3100Avant
were as follows: 36-cm capillary array, run temper-
ature of 22°C, sample injection of 1 kV for 15 s and
separation of 15 kV for 40 min. The same conditions
were later used for CE-SSCP analysis with 36-cm
16-capillary array on upgraded ABI3130xI (data not
shown). The non-denaturing separation medium was
Genescan polymer (Applied Biosystems) 5%, glyc-
erol (Sigma-Aldrich) 10% in 1x Buffer (10x) with
EDTA (Applied Biosystems). The running buffer was
glycerol 10% in 1x Buffer(10x) with EDTA. The
results were analysed with Genescan Analysis v1.1
software.

Cloning and sequencing
The pooled DNA from each M2 mutant family

identified was used for PCR amplification with gene-
specific primers (ADC1-F/ADC1-R and CYP82E4-F/
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CYP82E4-R). PCR products were cloned into the
pGEM-T vector system (Promega, Madison, WI) and
transformed into E. coli according to the manufac-
turer’s instructions. A total of 10 clones was
sequenced for each family, using BigDye Terminator
Sequencing Kit v1.1 (Applied Biosystems) and ABI
Prism®™ 310 (Applied Biosystems).

Nornicotine analysis

A rapid test adapted from Shi et al. (2003) was used
to assess the ability of a plant to convert nicotine into
nornicotine. Fresh leaves from greenhouse plants
were soaked in 0.8% NaHCO; for 5 s, incubated for
4 days at 37°C and 85% relative humidity and dried
at 60°C over 2 days. Nornicotine content was deter-
mined either by colourimetric test or by high-
performance liquid chromatography (HPLC).

The colourimetric test was used for the rapid
determination of nornicotine content of greenhouse-
grown plants. Dried leaf material (250 mg) ground to
a fine powder (500 um) was extracted with 25 ml of
acetic acid 5% under constant shaking over 30 min.
The mixture was filtered on a paper filter (Durieux)
and 2.5 ml of flow-through were transferred into a
tube containing 1 ml of NaOH 10N and 0.5 ml of
CHCI3. The tubes were shaken vigorously, degassed
and incubated at room temperature until phase
separation. Forty microlitres of CHCl; solution were
deposited on a Whatman 3MM paper, wetted in isatin
solution (isatin 2 gl_l; tannic acid 1 gl_]; acetic acid
40 ml; acetone qsp 11) (Stephens and Weybrew
1959), incubated for 5 min at room temperature and
kept at 100°C for 5 min. The colour signal was
quantified using the Color-Pen (Dr. Lange GmbH,
Berlin, Germany) according to the L*a*b Color
System and compared with references to estimate the
nornicotine concentration (expressed as % of leaf dry
weight).

Alkaloid analysis

HPLC analysis was used to determine the alkaloid
concentrations of field-grown plants. Leaf material
was air-cured until the midribs turned dry. A final
step of drying was performed at 30°C for 2 days.
Lamina samples were ground to a 500-um powder.
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Alkaloid content (expressed as % of leaf dry weight
for total alkaloids, nicotine, nornicotine, anabasine
and anatabine) was quantified by HPLC as previously
described (de Roton et al. 2005).

Statistical tests

F tests were performed with Statgraphics Plus 5.1
(®Statistical ~ Graphics ~ Corp.,  available  at
http://www.sigmaplus.fr) using one-way analysis of
variance (ANOVA). The likelihood ratio chi-square
test (GZ) (SAS Institute, Inc., Cary, NC) was used for
the segregation ratios.

Results
Tobacco EMS mutant populations

To demonstrate the feasibility of mutation breeding
for improving quality traits in tobacco, we chose the
burley-type tobacco cultivar BBI6NN because of its
strong nicotine-to-nornicotine conversion activity. To
generate populations of Nicotiana tabacum mutants
with different mutation frequencies suited for both
high-throughput mutation detection and mutation
breeding, two batches of seeds (6,000 each) from
BB16NN were mutagenised with two different con-
centrations of ethylmethane sulphonate (EMS)
(Koornneef et al. 1982): 0.8% (L1 population) and
0.6% (L2 population). In addition, seeds used for L1
population were pre-germinated in order to increase
permeability and penetration of EMS in seed tissues.
Embryo lethality of EMS-treated seeds reached 36%
and 20% in L1 and L2 populations, respectively.
Fertility of the M1 plants was also strongly affected,
since only 34.5% (L1) and 73.3% (L2) of the selfed
field-grown M1 plants yielded seeds. The final ratios
of harvested M1 plants to sown M1 seeds were 22%
(L1) and 58.6% (L2). Seeds from each M1 plant were
collected in bulk and sown (30 M2 seeds per family).
The DNA was collected from eight plantlets (one
pooled DNA sample per family) for CE-SSCP
analysis. As already observed in the polyploid wheat
(Slade et al. 2005), heavy mutagenesis did not cause
strong visual phenotypic changes in the M2 mutants
(data not shown). In greenhouse-grown plantlets,
more phenotypes deviating from wild-type plants
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were, nevertheless, observed in the L1 than in the L2
population.

Targeting ADCI and NtabCYPS2E4 genes for
mutation breeding in tobacco

To evaluate the potential of mutation breeding in
tobacco, we targeted two genes controlling tobacco
nicotine and nornicotine contents. Nicotine is syn-
thesised either from aspartic acid or from putrescine,
itself derived from arginine (Kidd et al. 2006). A key
enzyme in the putrescine pathway is tobacco arginine
decarboxylase, encoded by the ADC! gene (Hashim-
oto and Yamada 1994; Wang et al. 2000). Nicotine-
to-nornicotine conversion is catalysed by the nicotine
N-demethylase NtabCYPS82E4 gene, as recently
shown (Gavilano et al. 2007; Siminszky et al.
2005). Tobacco (Nicotiana tabacum L.) is a natural
allotetraploid species derived from the interspecific
hybridisation between two ancestral species N.
sylvestris and N. tomentosiformis. However, only N.
tomentosiformis genes are involved in nornicotine
biosynthesis in tobacco (Gavilano et al. 2007).
Therefore, primers were designed to specifically
amplify exons in the N. tomentosiformis homoeologs
of ADCI and NtabCYP82E4 genes (DNA fragments
<600 bp). In addition, the expected effects of
nucleotide changes on protein functionality in the
mutants, estimated using the CODDLE program (Till
et al. 2003), were taken into account to select the
gene regions analysed. Primers tested in N. tabacum
and in the ancestral species N. sylvestris and
N. tomentosiformis failed to amplify gene fragments

from N. sylvestris, as expected from the design of the
primers, but succeeded in the amplification of
N. tomentosiformis and the N. tabacum ADCI and
NtabCYP82E4 genes. Figure la shows the CE-SSCP
detection of NtabCYP82E4-mutated allele in one
pooled M2 family, i.e. in one pool of eight M2 plants
from the same family. Additional peaks correspond-
ing to the mutated allele labelled with two different
dyes can be clearly and reproducibly identified on the
chromatogram. In the L1 and L2 populations, high
mutation frequencies ranging from one mutation per
30 kb to one mutation per 83 kb could be determined
(Table 1). Mutation density estimates were, however,
variable, depending on the gene analysed (Table 1
and data not shown) and should be considered as
rough estimates given the small genome regions
analysed.

Among the available mutant collection, we
screened 1,311 M2 families, including 937 from L1
and 374 from L2 libraries. Detection of at least one
loss-of-function allele for each target gene was
expected, considering mutation frequencies and the
predicted rate of deleterious mutations in ADCI or
NtabCYP82E4 proteins. Of 17 alleles isolated by
screening 0.446 kb of ADCI DNA, five were silent,
ten were missense and two were truncation muta-
tions. Of ten alleles isolated by screening 0.532 kb of
NtabCYP82E4 DNA, one was silent, five were
missense and four were truncation mutations. As a
consequence of the high mutation rate, at least 0.64%
to 1.49% of the screened M2 mutant families
contained plants with mutated alleles of either
ADCI] or NtabCYP82E4 (Table 1). Sequencing
allowed the confirmation of all of the mutations

Table 1 Mutations in tobacco arginine decarboxylase ADCI and nicotine N-demethylase NatbCYPS82E4 genes detected by
screening the tobacco ethylmethane sulphonate (EMS) mutant libraries L1 and L2

%GC of amplified fragment ADCI NtabCYP82E4

54% 33%
Number of families screened 937 L1 374 L2 937 L1 374 1.2
Number of mutants identified 14 3 6 4
Frequency of mutants 1.49% 0.8% 0.64% 1.07%
% silent mutations® 29.4%/34.7% 10%/22.3%
% missense mutations® 58.8%/60.7% 50%1/66.5%
% truncations® 11.8%/4.6% 40%/11.2%
Density of mutations 1/30 kb 1/56 kb 1/83 kb 1/50 kb

* Observed/expected
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Table 2 Position and effect of mutations identified in the
ADCI gene after cloning and sequencing

Table 3 Position and effect of mutations identified in the
CYPS82E4 gene after cloning and sequencing

Mutant Mutation Position Amino acid SIFT Mutant Mutation Position Amino acid SIFT
from ATG  change® score” from ATG  change® score”

L1-209 G/A 141 w474 L1474 C/T 390 Y130°

L1-325 C/T 156 S53°¢ L2-37 C/T 394 R132¢

L1-438 G/A 170 G57E 0.05 L1-452 G/A 567 G189D 0.26

L1-345 G/A 179 G60E 0.01 L1-386 G/A 687 w2294

L1-440 G/A 183 w61¢ L1-160 C/T 697 P233S 0.79

L1-330 G/A 268 DI90ON 0.00 L2-164 C/T 704 P235L 0.00

L2-114 G/A 292 A98T 0.22 L1-450 G/A 717 w239¢

L1-352 G/A 292 A98T 0.22 L.2-329 G/A 717 w239¢

Li-112 C/T 296 S99F 0.01 L1-91 G/A 718 V240M 0.10

L1-358 C/T 301 P101S 0.41 1L.2-227 G/A 775 V2591 1

L2-172 G/A 315 G105° # Alleles are numbered relative to the starting amino acid (M)

L1-129 G/A 316 GI06R 0.00 ® SIFT score was obtained with the bioinformatics program

L1-36 C/T 319 L107F 0.01 SIFT (Sorting Intolerant from Tolerant). SIFT scores <0.05 are

L1-216 G/A 330 Q110° predicted to be deleterious to the protein

L1-155 G/A 376 E126K 0.01 ¢ Silent mutation

L2-112 G/A 417 Q139°¢ 4 Stop codon

L1-18 C/T 429 A143°

# Alleles are numbered relative to the starting amino acid (M)

P SIFT score was obtained with the bioinformatics program
SIFT (Sorting Intolerant from Tolerant). SIFT scores <0.05 are
predicted to be deleterious to the protein

¢ Silent mutation

4 Stop codon

detected in ADCI and NtabCYP82E4, which were all
C/G to T/A transitions (Tables 2 and 3), as expected
from the large-scale TILLING analysis of Arabidopsis
EMS mutants (Greene et al. 2003). Several truncation
(nonsense) mutations were found in each target gene,
i.e. two mutations in ADC/ and four in NtabCYPS82FEA4.
This is a clear departure from the expected truncation
rate (Table 1). Moreover, two of the nonsense muta-
tions detected in the NtabCYP82E4 gene, found in
families L1-450 and L2-329, affected the same
nucleotide (G to A), whereas the mutated alleles were
identified in two different mutant populations created
separately at two different times of the year. Some of
the missense mutations found in the ADCI and
NtabCYP82E4 genes were predicted to severely affect
protein function, as determined by the Sorting Intol-
erant From Tolerant (SIFT) program (Ng and Henikoff
2003) (Tables 2 and 3). Of the ten missense mutations
found in ADCI, six were predicted to have a
deleterious effect (i.e. SIFT score <0.05), while only
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one out of five was predicted to be deleterious for
NtabCYPS82E4.

Segregation analysis of ADCI and NtabCYP82E4
mutants

Because mutation analyses were performed on pooled
M2 families, and not on M2 individual plants as
usually done (Henikoff and Comai 2003; Slade et al.
2005), selected M2 families were sown for the
segregation analysis of the mutations (Table 4). Each
of the cells from the seed embryo generating
reproductive tissues (e.g. two to four “germinally
effective cells” in Arabidopsis) (Henikoff and Comai
2003) can be independently mutagenised by EMS. As
a consequence, several segregation patterns can be
expected in M2. CE-SSCP was used to identify wild-
type, heterozygous and homozygous M2 plants. An
example of the CE-SSCP profiles is shown for the
analysis of the NtabCYP82E4 M2 family (L2-37)
carrying a nonsense mutated allele (Fig. 1b). Of 14
selected mutated families representing a wide range
of neutral, missense or truncation mutations in either
ADCI or NtabCYP82E4 genes, all but one showed
segregation ratios consistent with one germinally
effective cell in tobacco seeds, while only six mutants



Mol Breeding (2008) 21:369-381 375
Table 4 Analysis of mutation segregation in M2 families of ADC/ and NtabCYP82E4 mutants
Mutant Mutation No. of plants Segregation ratio (W/H/M)"
(W/H/M)? 1:2:1 5:2:1 9:2:1
ADCI mutants
L1-129 G106R 1/9/0 0.071 0.007 0.002
L1-155 E126K 4/3/2 0.665 0.729 0.404
L1-209 w474 2/8/4 0.773 0.026 0.003
L1-330 D90ON 6/6/2 0.560 0.549 0.208
L1-345 G60E 5/9/3 0.864 0.137 0.024
L1-438 G57E 4/11/2 0.560 0.044 0.006
L1-440 w61 0/8/0 0.031 0.002 <0.0001
L2-112 S99F 3/5/1 0.730 0.388 0.173
CYP82E4 mutants
L1-160 P233S 13/29/13 0.960 <0.0001 <0.0001
L1-450 w239¢ 14/19/0 0.001 0.003 <0.0001
L1-474 Y130° 10/4/2 0.095 1.000 0.746
L2-37 R132¢ 17/29/12 0.804 0.001 <0.0001
L2-164 P235L 6/6/3 0.678 0.464 0.145
L2-227 V2591 9/2/4 0.060 0.514 0.402

# Wild type (W), heterozygous (H), homozygous (M) plants

® The expected ratios were 1:2:1 for one germinally effective cell, 5:2:1 for two germinally effective cells (among which one there
was one EMS-mutagenised cell) and 9:2:1 for three germinally effective cells (among which there was one EMS-mutagenised cell).
Probability values equal or greater than 0.05 (in bold) indicate that segregation in the observed population was not significantly
different from the expected ratio (likelihood ratio chi-square test (Gz))

¢ Silent mutation

4 Stop codon

displayed patterns consistent with two or three
germinally effective cells.

A NtabCYP82E4 truncation tobacco mutant
displays near-null nornicotine content in field
conditions

No significant effect on nicotine or nornicotine
contents was observed in the heterozygous or homo-
zygous mutant plants from the two ADCI families
carrying truncation mutations. Subsequent studies
were focussed on the NtabCYP82E4 gene because of
its crucial role in nicotine-to-nornicotine conversion.
The nornicotine content of NrabCYP82E4 mutant M2
families was first assessed on greenhouse-grown
3-month-old plants using the colourimetric assay of
nornicotine levels after the stimulation of nicotine-to-
nornicotine conversion by bicarbonate (Shi et al.
2003). A set of families carrying more or less severe

mutations as expected by their SIFT score were
selected (Table 3). Mutations ranged from nonsense
(L2-37), non-synonymous missense (P to L, L2-164),
synonymous missense mutation (V to I, L2-227) to
silent mutation (L1-474). The nornicotine contents of
homozygous plants from L2-37 and L2-164 M2
families were clearly lower than that of wild-type
plants (Fig. 2a). The nornicotine contents of L.2-227
and L1-474 homozygous plants were not altered.
Details of the nornicotine colourimetric test are given
in Fig. 2b for the severely affected L2-37 family. A
significant difference was found between homozy-
gous plants and heterozygous or wild-type plants
(P =0.001) but not between wild-type and heterozy-
gous plants (P = 0.765).

We further assessed in field conditions the indi-
vidual phenotype of three mutants with altered
nornicotine  conversion (L2-37, L1-450 and
L1-160). Alkaloid production is noticeably higher in
the field conditions (Fayeulle et al. 1992), probably
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as a reaction to environmental stresses (Hashimoto
and Yamada 1994). Alkaloids and nornicotine con-
tents were analysed by HPLC on air-cured leaves
from the medium stalk. A significant difference for
nornicotine content was observed between wild-type
and heterozygous plants for the truncation mutant L1-
450 (data not shown). However, no homozygous
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«Fig. 1 Capillary electrophoresis-single strand conformation
polymorphism (CE-SSCP) analysis of NtabCYP82E4 nicotine
N-demethylase gene in tobacco. a CE-SSCP profiles of
NtabCYP82E4 fragment in the burley tobacco BBI6NN and
in the L2-37 mutant (DNA from eight pooled M2 plants). Run
temperature was 22°C. b CE-SSCP profiles of NtabCYP82E4
fragment in M2 progeny from L2-37 truncation mutant.
W = wild type, H = heterozygous, M = homozygous Ntab-
CYP82E4 mutant. The run temperature was 18°C. Strands
labelled with VIC and FAM are shown as light and dark peaks,
respectively. The positions of mutant strands with different
mobility compared to wild-type strands are indicated with
arrows. Size standard (LIZ500) is indicated with a star

plants were recovered from this mutant, which was,
therefore, excluded from subsequent studies. The
homozygous plants from the truncation mutant L.2-37
displayed near-null nornicotine contents (Fig. 2c),
while heterozygous mutants showed an intermediate
phenotype. The mean nicotine-to-nornicotine conver-
sion rate was as low as ~3.1% in the homozygous
non-converter mutant, compared to ~59% in the
heterozygous mutant and ~77.5% in wild-type
plants (Table 5). The missense mutant L1-160 (P to
S) presented a similar pattern of nornicotine reduc-
tion, except that the nornicotine content of
homozygous mutants remained elevated. It is note-
worthy that both L2-37 and L.1-160 mutants exhibited
higher nornicotine and other alkaloid contents than
the BBIO6NN control line (Fig. 2c and Table 5). As
already observed in greenhouse conditions, L2-37
and L1-160 M2 plants displayed near-normal pheno-
type in field conditions but with slightly retarded
growth, reduced height and smaller leaves than the
BB16NN elite variety (Fig. 3a). Furthermore, the
BC1 plants from crosses between L2-37 and elite
tobacco lines presented phenotypes identical to the
parental line, as exemplified in Fig. 3b.

Discussion

We demonstrate here that mutation breeding can be
used as an alternative to genetically modified (GM)
plants (Gavilano et al. 2006) for generating nornico-
tine-free tobacco with reduced risks for human health.
Using a non-transgenic strategy based on the gener-
ation and selection of artificially induced mutations in
the nicotine N-demethylase NtabCYP82E4 target
gene, we were able to identify several truncation
or missense mutants displaying a very low or even
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Fig. 2 Alkaloids analysis of NtabCYP82E4 tobacco mutants.

a Nornicotine colourimetric analysis

of greenhouse-grown

BB16NN and M2 progeny from L2-37, L2-164, L1-474 and
L2-227 NtabCYP82E4 mutants. Tobacco plants were first
genotyped by CE-SSCP and then analysed for nornicotine
content using a colourimetric assay, as described in the
Materials and methods section. The white, grey and black
triangles represent wild-type, heterozygous and homozygous
NtabCYP82E4 mutants, respectively. The y-axis represents the

nornicotine content (% of leaf dry

weight). b Detail of

nornicotine colourimetric analysis of M2 progeny from the
L2-37 mutant. Nornicotine amount in the leaf is proportional to
the intensity of the blue spots. The nornicotine contents (% of

near-null nicotine converter phenotype (Fig. 2a—c).
The homozygous truncation mutants from the L2-37
family, for example, exhibited a nicotine-to-nornicotine
conversion ratio as low as <3.4%. This remarkable
reduction in nornicotine content was achieved by
screening only a fraction of the available EMS tobacco
mutants library (~ one third of the library, i.e. ~1,200

M2 families).
Non-converter elite tobacco

lines created by

mutation breeding have several advantages over lines
obtained by conventional breeding. Because the

NtabCYP82E4 nicotine N-demethylase

mutated

leaf dry weight) estimated by quantification of the spots are
indicated. W = wild type, H = heterozygous, M = homozy-
gous. ¢ Nornicotine HPLC analysis of field-grown BB16NN
and M2 progeny from L2-37 and L1-160 NtabCYP82E4
mutants. Tobacco plants were first genotyped by CE-SSCP and
then analysed for nornicotine content by HPLC. The white,
grey and black bars represent wild-type, heterozygous and
homozygous NtabCYPS82E4 mutants, respectively. n =3 for
BBI16NN, n = 12 for L2-37 (4W/3H/5M) and n = 8 for L1-160
(3W/3H/2M). The vertical bars represent the standard devia-
tion. The y-axis represents the nornicotine content (% of leaf
dry weight)

alleles are stably inactivated by point mutation,
introgressed elite tobacco lines display a stable non-
converter phenotype, unlike the lines obtained
through conventional breeding (Gavilano et al.
2006). Compared to transgenic technologies, which
achieve similar a reduction in nicotine-to-nornicotine
conversion rates by RNAi targeting of NtabCYP82E4
(Gavilano et al. 2006), the advantages of mutation
breeding are even more pronounced. First, point
mutations are stable, whereas the transgene may be
silenced in some of the transgenic plants and after a
number of generations (McGinnis et al. 2007).
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Table 5 Alkaloid analysis of field-grown M2 progeny from L2-37 and L1-160 mutants

Individual ~ Genotype® Myosmine® Nicotine® Anatabine® Anabasine® Nornicotine® % conversion®  Total alkaloid”
BBI6NN W 0.02 0.37 0.06 0.01 0.81 68.64 1.26
BBI6NN W 0.03 0.65 0.13 0.04 2.00 75.47 2.86
BBI6NN W 0.01 0.01 0.03 0.01 0.75 98.68 0.80
L2-37-15 W 0.02 0.39 0.21 0.04 1.99 83.61 2.66
L2-37-2 W 0.01 0.20 0.23 0.03 2.03 91.03 2.52
L2-37-29 W 0.01 0.84 0.24 0.04 2.12 71.62 3.25
L2-37-5 W 1.41 0.28 0.07 2.47 63.66 422
L2-37-10 H 0.01 1.33 0.28 0.04 1.24 48.25 2.90
L2-37-24 H 0.01 0.49 0.15 0.03 1.27 72.16 1.95
L2-37-28 H 0.01 1.02 0.15 0.03 1.28 55.65 248
L2-37-1 M 278 0.25 0.04 0.09 3.14 3.15
L2-37-16 M 2.64 0.19 0.02 0.08 2.94 293
L2-37-18 M 1.14 0.07 0.01 0.04 3.39 1.26
L2-37-21 M 2.41 0.12 0.02 0.07 2.82 2.62
L2-37-9 M 3.73 0.24 0.05 0.13 3.37 4.16
L1-160-1 W 0.02 1.18 0.10 0.05 2.96 71.50 4.32
L1-160-14 W 0.03 1.27 0.12 0.03 2.09 62.20 3.54
L1-160-20 W 0.01 0.96 0.23 0.04 1.85 65.84 3.10
L1-160-2 H 1.00 0.07 0.02 1.33 57.08 2.40
L1-160-3 H 1.27 0.09 0.03 1.75 57.95 3.15
L1-160-6 H 0.01 1.23 0.09 0.03 1.80 59.41 3.15
L1-160-24 M 0.01 1.71 0.06 0.01 0.56 24.67 235
L1-160-5 M 2.02 0.06 0.02 0.78 27.86 2.88

All plants were grown in the same field conditions as the burley-type tobacco. Leaf material was air-cured until the midribs turned
dry. Alkaloids were analysed by HPLC on lamina samples ground to powder

* Genotype was determined by CE-SSCP analysis: W = wild type; H = heterozygous; M = homozygous mutant in the

NtabCYP82E4 gene
® % of leaf dry weight

¢ % conversion = [% nornicotine/(% nicotine + % nornicotine)] X 100

Second, low nitrosamine plants obtained through
mutation technology are not considered as GM in the
European Union (EU 2001/18 directive). There is,
therefore, no need for the containment of plants from
mutation breeding for field trials, as shown in Fig. 3a.
As a consequence, the time between the targeting of a
candidate gene for trait improvement and the pro-
duction of the improved crop can be considerably
shortened.

Our attempts to reduce nicotine level through the
inactivation of the ADCI gene were unsuccessful,
despite the identification of knockout alleles. Such
negative results were not surprising because nicotine is
synthesised through several interconnected pathways
(Kidd et al. 2006; Chintapakorn and Hamill 2003)

@ Springer

and that arginine decarboxylase is encoded by multiple
and possibly redundant genes in tobacco (Wang et al.
2000). Other likely candidate genes for nicotine
content can be easily targeted using the same
approach (Kidd et al. 2006). In contrast to ADC, the
NtabCYP82E4 gene was a priori an excellent target
since: (i) nornicotine is synthesised through one
single pathway, (ii) the NtabCYPS82E4 nicotine
N-demethylase function was already demonstrated
both in vitro and in planta (Xu et al. 2007; Gavilano
et al. 2007; Siminszky et al. 2005), (iii) the nicotine
N-demethylase homoeologs of N. sylvestris origin are
not active in converter tobacco plants (Gavilano et al.
2007), and (iv) the NtabCYP82E3 gene from
N. tomentosiformis is inactivated by a single amino



Mol Breeding (2008) 21:369-381

379

Fig. 3 Visual phenotype of
NtabCYP82E4 tobacco
mutants. a Phenotype of
field-grown BB16NN and
M2 progeny from L2-37
and L1-160 NtabCYPS82E4
mutants. Field trial was
conducted in Bergerac,
France, in 2006. M2 plants
were individually identified
and genotyped by CE-SSCP
analysis. BBI6NN was
more developed than M2
progeny from L2-37 and
L1-160 mutants but the
visual aspect of mutant
plants remained very
similar to BBI6NN.

b Phenotype of a BC1 plant
carrying a NtabCYP82E4
truncation allele from L2-37
mutant and of the parental
elite line used for
introgression of the mutated
allele. No visual phenotypic
difference could be
observed between the BC1
plants and the elite line

acid change, while the NtabCYPS82E4 gene can be
either transcriptionally active (converter phenotype) or
silent (non-converter phenotype) (Gavilano et al.
2007). This favourable context is not unique to
tobacco, since similar features can be found in most
polyploid plant species, which constitute about two-
thirds of the plant crop species. Indeed, interspecific
hybridisation can result in whole-genome changes,
with massive silencing and the elimination of dupli-
cated sequences (Shaked et al. 2001; Kashkush et al.
2002; Madlung and Comai 2004; Adams and Wendel
2005; Bottley et al. 2006). Ongoing genomic programs
(genome and EST sequencing, gene expression anal-
yses) now enable the identification of transcriptionally
active candidate genes in many crop species, including
tobacco (http://www.estobacco.info/) and, therefore,
of the most likely targets for mutation breeding.

The gene duplication due to the amphidiploid
nature of cultivated tobacco may also buffer the
mutation load, as demonstrated in yeast (Gu et al.
2003). This would explain the high mutation fre-
quencies found in the polyploid species tobacco
(Table 1) and wheat (Slade et al. 2005), in contrast
with the diploid barley (Caldwell et al. 2004). As a

Elite line

consequence, small mutant libraries are sufficient to
identify large allelic series comprising both severe
and hypomorphic mutations in polyploids species.
Moreover, the worst effects on the overall phenotype
of the mutants were small changes in plant develop-
ment and pollen viability. After backcrossing, BC1
plants were indistinguishable from the parental lines
without negative collateral effects on visual pheno-
type (Fig. 3b) and alkaloid content (data not shown).
It is, therefore, expected that the strategy of back-
crossing until BC5 to BC6 commonly used for the
introgression of valuable traits in tobacco is well
adapted to the mutation breeding of commercial elite
tobacco lines.

Published reports on the systematic detection of
unknown mutations for mutation breeding remain
scarce, with the notable exception of the waxy allele in
wheat (Slade et al. 2005). Mutation detection tech-
nology should be robust, cost-effective and available
in-house to the breeders. The efficiency of TILLING
technology using the CEL1 endonuclease is proved
for a wide range of plants (Colbert et al. 2001;
Henikoff and Comai 2003; Comai and Henikoff
2006). However, the cost of commercially available
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enzymes (Bannwarth et al. 2006) remains prohibitive
for routine use and purification of the enzyme is out of
reach for non-experimental groups. Hence, the CE-
SSCP analysis used here appears to be a good
alternative. It requires a simple PCR on pooled mutant
DNA samples followed by electrophoresis analysis
(Fig. 1a), is sufficiently versatile to fulfill other
routine tasks of molecular breeding (e.g. simple
sequence repeat {SSR} analysis, allele sequencing),
is easily handled by non-experimented technical staff
and can be automated with microplates. In addition,
CE-SSCP peak detection can be automated for high-
throughput mutation screening, as is done for confor-
mation-sensitive capillary electrophoresis (CSCE)
analysis (Davies et al. 2006). This technology is
sensitive enough to accurately detect mutations in up
to four-family pools and, providing there are adjust-
ments of the running temperature for a given target
gene, in six- to eight-family pools (data not shown).
The rate of mutated allele discovery is increased by
the analysis of M2 families instead of M2 plants, as is
usually done (Henikoff and Comai 2003). In our
hands, CE-SSCP routinely enables the simultaneous
detection of two differentially labelled targets (size
<600 bp) in two-family pools in a single run.
Screening ~4,000 M2 mutant families with
16-capillary equipment requires ~?2 days and pro-
duces up to 35 mutated alleles per target sequence, a
throughput compatible with the objective of mutation
breeding of multiple quality traits in tobacco.

In summary, using as a case study the suppression
of nornicotine in tobacco, the study presents evidence
that crop improvement does not necessarily rely on
lengthy breeding programs or on GM plant generation
but can make use of a comparatively rapid and simple
mutant-based strategy for modifying specific traits of
interest. The likely targets are polyploid crop species
(e.g. sugar beet, potato, strawberry), which are
expected to sustain very high mutation rates without
compromising plant survival and agricultural value of
the crop.
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