
randomly assigned to N2-fixing and non-fixing treatments. Either N2:O2 or Ar:O2 was
delivered through perforated plastic tubing 1 cm above the base, at 100 ml min21. Three
months after planting, nodules were removed from roots. Roots were cut, vortexed, and
sonicated in a FS20 ‘watch-bath’ type sonicator in 0.01% Tween 20. The extractant was
diluted 106-fold and spread on MAG antibiotic-containing plates. Intact nodules were
removed from roots, counted, weighed and crushed in a tissue homogenizer, diluted
and plated. Sand from each box was homogenized for 30 min in a sterile flask
containing sterile 0.01% Tween 20, on a flask rotator. A liquid subsample was removed
from the sand mixture 3 cm below the water line, diluted by 104 and plated. Colonies
grew for 10 d at 32 8C and colony-forming units (c.f.u., mean of eight plates) were
recorded.

Split-root experiment
Seeds of G. max semidwarf variety ‘S0066’ were sterilized, germinated, and inoculated
with approximately 107 cells per seedling. Twelve plants, each with two similar root halves
(resulting from regrowth after root-tip removal), were transplanted to hydroponic
chambers, with similar nodule numbers on each half of a chamber divided by a silicone gel
seal. Chamber halves were randomized into two treatments, either N2:O2 or Ar:O2 (80:20,
v/v) at 130 ml min21, 5 d after transplanting. H2 production was measured to confirm
disruption of N2 fixation29 by Ar:O2. Five weeks after transplanting, roots, nodules and
rhizobia in nutrient solution were processed as described above for the 12 replicates, each a
paired comparison. For survival assays, nodule homogenate was diluted and added at an
estimated 105 rhizobia per g sterile sand. Twenty weeks later, rhizobial populations were
determined by plate counts.

Single-nodule experiment
Six independent replicate experiments used G. max ‘S0066’ grown in plastic growth
pouches and inoculated as above. Fifteen days later, two nodules of equal size were selected
per plant. Fixing and non-fixing treatments were randomized. Chambers of 2 cm diameter
were positioned around intact nodules, with 250 ml min21 of humidified N2:O2 or Ar:O2

flowing through each chamber. Fractional oxygenation of leghaemoglobin under air,
nodule O2 permeability, and O2-saturated respiration rate were measured daily as
previously described23,30. Briefly, nodules were exposed successively to 20, 0, 70 and 0% O2

while fractional oxygenation of the nodule protein leghaemoglobin was measured by non-
invasive spectrophotometry. O2 permeability was calculated from the rate of increase in
oxygenation after switching to 70% O2, after correcting for respiration, which was
calculated from the rate of oxygenation decrease as interior O2 fell from O2-saturated to
O2-limited concentrations after switching to 0% O2. After 10 d, nodules were weighed,
crushed, and assayed for c.f.u. per nodule and per g of nodule. Analyses of variance and
Tukey’s studentized range test for whole-root, and paired t-tests for split-root and single
nodule experiments were conducted using SAS software (SAS Institute).
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Now that the mouse and human genome sequences are complete,
biologists need systematic approaches to determine the function
of each gene1,2. A powerful way to discover gene function is to
determine the consequence of mutations in living organisms.
Large-scale production of mouse mutations with the point
mutagen N-ethyl-N-nitrosourea (ENU) is a key strategy for
analysing the human genome because mouse mutants will reveal
functions unique to mammals, and many may model human
diseases3. To examine genes conserved between human and
mouse, we performed a recessive ENU mutagenesis screen that
uses a balancer chromosome, inversion chromosome 11 (refs 4,
5). Initially identified in the fruitfly, balancer chromosomes are
valuable genetic tools that allow the easy isolation of mutations
on selected chromosomes6. Here we show the isolation of 230 new
recessive mouse mutations, 88 of which are on chromosome 11.
This genetic strategy efficiently generates and maps mutations
on a single chromosome, even as mutations throughout the
genome are discovered. The mutations reveal new defects in
haematopoiesis, craniofacial and cardiovascular development,
and fertility.
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Genetic strategies that can isolate mouse mutations in regions
that are conserved between the mouse and human provide ways to
infer the function of human genes. Human chromosome 17 genes
that are conserved in the mouse are located on mouse chromosome
11. The inversion chromosome 11 (Inv(11)8BrdTrp53–Wnt3; Fig. 1a)

balancer has properties that allow us to isolate mutations on
chromosome 11 after a three-generation breeding scheme
(Fig. 1b), even though mutations induced by ENU will occur
throughout the genome of the treated male (genome-wide
mutations recovered are summarized in Supplementary Table 1).

Table 1 Eighty-eight new mutants on mouse chromosome 11

Category Number new* Locus name Phenotype Number known†
...................................................................................................................................................................................................................................................................................................................................................................

Lethal 6 l11Jus1,-2,-3,-4,-7,-12 Prenatal death post implantation, before E9.5 5
12 l11Jus5,-6,-8,-9,-11,-14,-17–20,-27,-39 Prenatal death E9.5–12.5 6
2 l11Jus15,-29 Prenatal death after E12.5 3
10 l11Jus24,-30,-32,-34–38,-42, -46 Prenatal death, stage not determined
23 l11Jus10,-13,-16,-21–23, -25,-26,-31,-33,-40,-41,-43,-44, -47,-48,-51–57 Postnatal death 8
2 l11Jus28,-45 Time of death unknown

Neurological 10 nur1,-2 Nervousness, tremors 6
nur3,-6 Small, hyperactive
nur4,-5 Tremors
nur7 Small, lethargic, tremors in adults
nur8 Epilepsy, craniofacial, eye
nur9 Weaving head/hearing loss
nur10 Small, splayed gait

Skeletal: craniofacial 5 crf2,-3,-5,-8,-12 Craniofacial abnormalities 1‡
Skin/coat 2 skc1,-2 Coat texture 1§
Growth/size 5 gro1 Small at P9 to adult 2

gro22 Small, low cholesterol
gro40 Small, half size
gro41 Small, sickly
gro42 Small, two-thirds size

Infertility 6 inf2,-4–6,-8,-9 Male infertility 1
2 inf3,-7 Female infertility 0

Haematopoietic 3 hem1,-3 Immature WBCs 2
hem2 Anaemia

...................................................................................................................................................................................................................................................................................................................................................................

Locus names are derived from the underlined letters.
*The number of each phenotype isolated in this ENU screen. These mouse mutants are available to the scientific community on request at http://www.mouse-genome.bcm.tmc.edu.
†The number of previously reported spontaneous or targeted mutants that lie in the Trp53–Wnt3 region28. An additional six mutations had phenotypes detected by assays not performed in this screen
to make a total of 45 mutations with phenotypes reported. Twenty-one targeted mutations in this region were reported as having no phenotype.
‡Four additional mutations with skeletal phenotypes were reported.
§One recessive coat colour mutation was reported.

Figure 1 A balancer chromosome screen for the conserved region of mouse chromosome

11/human chromosome 17. a, The distal two-thirds of mouse chromosome 11 is

conserved with human chromosome 17 (purple)1. The Inv(11)8BrdTrp53–Wnt3 balancer

contains a 24-cM inversion (34 Mb; yellow box) between Trp53 and Wnt3 on mouse

chromosome 11. b, ENU-treated C57BL/6J males (black chromosomes) are mated to

females carrying the balancer (yellow box; K14-Agouti produces yellow ears, tail and

ventrum) to generate first generation (F1) animals that may carry a new mutation (red

asterisk). F1 animals are mated to mice carrying a balancer and Rex (dominant curly coat,

grey chromosome), which marks the non-mutagenized chromosome. Informative F2

animals identified by their yellowish colour and lack of curly coat are mated to look for new

mutations (two asterisks; test class) in the F3 offspring. Mice homozygous for the inversion

are Wnt3-deficient and die by E10.5 (not shown).
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For example, Inv(11)8BrdTrp53–Wnt3 contains a 24-cM inversion on
mouse chromosome 11 between the Trp53 and Wnt3 genes that
suppresses the recovery of recombination products over nearly half
of the chromosome. Thus, mutations induced in a wild-type
chromosome will remain fixed when maintained in trans to the
balancer in heterozygous animals. The inversion has a dominant
Agouti coat colour marker, which allows animals that carry it to be
easily identified. Therefore, heterozygotes and mutant homozygotes
can be easily distinguished by their coat colour.

In contrast to previous mouse recessive ENU screens that focused
on a single stage of embryogenesis7–9, our genetic screen using the
Inv(11)8BrdTrp53–Wnt3 balancer is designed to isolate all lethal
mutations from fertilization to adulthood, because the simple
absence of test class animals (those lacking the Agouti transgene)
identifies a lethal mutation. Fifty-five of the mouse chromosome 11
mutants are lethal when homozygous (Table 1). Thirty pedigrees
carry mutations that cause prenatal death, whereas 23 pedigrees
carry mutations that cause postnatal death (Supplementary Table
2). Many of the postnatal lethal mutations exhibit visible pheno-

types such as small size, developmental delay, craniofacial or
neurological abnormalities (Supplementary Fig. 1 and movie).
Lethal mutations are the most common phenotypic class isolated
in model organisms such as Caenorhabditis elegans and Droso-
phila10,11. Approximately 60% of the mouse chromosome 11
mutations identified in this screen are lethal in homozygotes, and
nearly one-half of the spontaneous or targeted mutations in the
balancer interval are lethal (Table 1). Two mutagenesis screens that
would isolate mutations in a defined genomic region have been
carried out previously in the mouse, and each of these screens
yielded primarily lethal mutations12,13. Together, these data suggest
that many mouse mutations are detrimental to the survival of the
animal. One end of Inv(11)8BrdTrp53–Wnt3 disrupts Wnt3, causing
embryonic lethality in mice homozygous for the balancer. Com-
bined with the property of recombination suppression, this allows
lethal mutations to be easily maintained in trans through hetero-
zygous crosses, without requiring molecular markers for stock
maintenance.

Further analysis of the cause of death of the lethal mutations
revealed a broad range of distinctive phenotypes at every stage of
development (Fig. 2; see also Supplementary Fig. 2). Some chromo-
some 11 mutants exhibited abnormal somite morphology or neural
tube defects (l11Jus5,-8,-15,-39), which are often observed in
human birth defects. Others, such as l11Jus3, had abnormal visceral
endoderm cells and failed to gastrulate (Fig. 2a, b). However, most
of the phenotypes are the result of defects in organs and tissues such
as heart, blood vessels, placenta, or haematopoietic cells. For
example, l11Jus27 mutants have distended tubular hearts (Fig. 2c,
d). No mutations that cause such a defect map to mouse chromo-
some 11, implying that l11Jus27 identifies a new gene required for
cardiac development14. l11Jus15 homozygotes develop a severe
oedema, suggesting a circulatory defect (Fig. 2e, f). l11Jus51
homozygotes exhibit a severe anaemia at birth (Fig. 2g). Just as
Drosophila lethal mutants have been valuable for dissecting the
molecular basis for embryonic patterning15, these mouse mutations
will be valuable for identifying new genes that function in cardio-
vascular and haematopoietic development.

In addition to the lethal mutants, an additional 24 pedigrees
produced phenotypes segregating on mouse chromosome 11 that
affect coat, growth/size, skeletal morphology, blood cell abnormal-
ities, or neurological presentation (Table 1; see also Supplementary
Table 3). Nine of the mutations isolated on chromosome 11 exhibit
severe craniofacial defects, sometimes accompanied by other
abnormalities such as seizures and growth defects (craniofacial
crf2,-6,-5,-8,-12; neurological nur8, l11Jus52,-53 and -54). With
the exception of a craniofacial defect observed in a Hoxb2 knockout
mouse16, no mouse craniofacial defects have been reported pre-
viously on this chromosome. Several human diseases with cranio-
facial defects map to the region of conserved synteny on human
chromosome 17, including Meckel syndrome (OMIM number
24900), lethal microcephaly (OMIM number 607196), mulibrey
nanism (OMIM number 253250) and Alexander disease (OMIM
number 203450), suggesting that our mutants may be new models
of human disease.

A screen for infertility on a subset of 184 pedigrees identified
eight pedigrees exhibiting infertile or sub-fertile phenotypes map-
ping to chromosome 11. Six mutations resulted in male sterility
with reduced sperm counts (infertility inf2,-4,-5,-6,-8,-9). Histo-
pathology revealed blocks in spermatogenesis in inf4, inf8 and inf9
males that occurred between round spermatid formation (inf9) and
late differentiating spermatids (inf4; Supplementary Fig. 3). Cysts in
multiple organs, including kidney, testis and liver, led to a male sub-
fertile phenotype in one mutant, inf6, but was not a primary male
infertility defect.

The ENU mutation rate in mouse spermatogonial stem cells is
one new mutation per locus in every 700 gametes or mutagenized
genomes screened17. Therefore, by screening 735 pedigrees, we have

Figure 2 Lethal mutants affect gastrulation and cardiovascular development. a, Wild-type

embryos at E5.5 develop within the maternal decidua (D), and have well-developed

cuboidal epithelium that defines the visceral endoderm (blue arrow). b, l11Jus3

homozygotes have abnormal visceral endoderm and arrest before gastrulation (blue

arrow). c, Wild-type embryos at E10.0 have well-developed hearts. d, l11Jus27

homozygotes have distended tubular hearts (yellow arrow). e, Wild-type embryo at E16.5.

f, l11Jus15 homozygotes develop a severe oedema (arrow). g, l11Jus51 homozygotes

(right) are pale at birth compared with wild-type littermates (left).
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sampled one genome equivalent for this region of mouse chromo-
some 11. In such a sample, some genes may not have been mutated
in any pedigree, whereas others may have been mutated in multiple
pedigrees. Consistent with this prediction, obvious visible mutant
phenotypes of genes on mouse chromosome 11, such as headless
embryos (Lhx1)18, circling behaviour (Myo15)19 and hairless mice
(Foxn1)20 have not been isolated. In addition, we performed pair-
wise complementation crosses on mutants in similar phenotypic
classes (Supplementary Tables 4 and 5). Of 24 lethal mutations
completed, only two (l11Jus1 and l11Jus4) fail to complement each
other. These data demonstrate that the great majority of these
mutations are in independent genes. It is likely that most of the
mutations are in genes not previously mutated or are new alleles of
known genes, because most of the developmental and neurological
phenotypes do not mimic the phenotypes described in the 45

targeted or spontaneous mutations (Table 1).
Chemical mutagenesis can cause multiple mutations in a single

pedigree. The likelihood that linked lethal mutations are being
recovered provides an estimate of how commonly linked mutations
occur. If we assume a Poisson distribution, a total of 7.4% of
chromosome 11 transmissions will carry one lethal mutation,
which is not statistically different from the number observed
(7.5%; x2 ¼ 0.008; P . 0.90). The likelihood of a chromosome
containing two lethal mutations at the dose of 3 £ 100 mg kg21 in
the C57BL/6J strain is only 3 in 1,000. This is very different from
screens in Drosophila where over 80% of the chromosomes were
predicted to contain one or more lethal mutations when adminis-
tered a dose of 25 mM ethylmethanesulphonate21. The difference
can be explained because one whole Drosophila chromosome
covered by a balancer, such as chromosome 2, contains nearly

Figure 3 A new Slc4a1 missense mutation. a, Peripheral blood smears from 2-day-old

l11Jus51 homozygotes have nucleated erythroid cells (arrows). b, CBC analysis of

8-week-old l11Jus51 homozygotes shows decreases in erythrocyte numbers (RBC),

haemoglobin (HGB) and haematocrit (HCT), with increased mean corpuscular volume

(MCV) and red blood cell distribution width (RDW). %CV, % corpuscular volume.

c, Methylcellulose cultures of fetal liver and spleen reveal no differences in progenitor cell

numbers and kinetics. CFU-E, colony-forming unit erythroid; CFU-GM, colony forming unit

granulocyte/macrophage; BFU-E, burst-forming unit erythroid. d, Sequencing Slc4a1 in

l11Jus51 homozygotes reveals an A-to-T transversion at coding nucleotide 1622,

resulting in a glutamic acid to valine change.
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35% of the fly genome, whereas our screen targets approximately
2% of the mouse genome. For our screen, the Poisson calculation
suggests that the probability of a linked mutation interfering with
the phenotype of another is very low.

One benefit of the balancer chromosome is that mutations within
the inversion interval are mapped on their isolation, without further
crosses, allowing for immediate analysis of candidate genes. For
example, l11Jus51 maps within the balancer interval and 80–90% of
homozygous animals die within one week of birth with a severe
anaemia (Fig. 2g). Red blood cell morphology is abnormal, and
large numbers of nucleated erythroid cells are present in the
circulation (Fig. 3a). Rare adult survivors have a macrocytic
anaemia, with decreased haemoglobin, haematocrits and red
blood cell numbers (Fig. 3b). In vitro haematopoietic colony assays
of fetal liver and spleen reveal that erythroid progenitor cells are
present in normal numbers and possess normal proliferative poten-
tial, suggesting that the anaemia is due to abnormal destruction or
loss of red blood cells, and not to a defect in production (Fig. 3c). An
analysis of the databases shows several genes involved in erythrocyte
maturation or maintenance in the balancer interval; most notable is
solute carrier protein 4a1 (Slc4a1; also known as band 3 or anion
exchange protein 1). Two targeted mutations eliminating this
protein result in a severe microcytic anaemia with altered red
blood cell membrane fragility22,23. We investigated the possibility
that l11Jus51 carried a mutation in Slc4a1 by performing a cross
with the loss of function allele22, which revealed that l11Jus51 fails
to complement the mutation. Subsequent sequencing revealed a
missense mutation in the codon for amino acid 541, a residue
conserved between mouse and human, changing a glutamic acid to
a valine within the fifth transmembrane domain (Fig. 3d). Notably,
mutations in SLC4A1 are associated with hereditary spherocytosis
and resistance to malarial infection in humans24. Many of the
missense disease mutations in human SLC4A1 cause an autosomal
dominant form of the disease that results in renal tubular acido-
sis25,26. l11Jus51 is the first mouse missense mutation in Slc4a1, and
causes a macrocytic anaemia rather than a microcytic anaemia as in
the deletion alleles, suggesting that it will be useful for dissecting the
biochemical basis of the loss of protein function without its
complete absence. In addition, preliminary histopathology reveals
kidney abnormalities; therefore, l11Jus51 may prove valuable as a
mouse model for renal tubular acidosis.

New mouse mutations are the key to functional genomic
studies that will unravel mammalian systems biology. Genome
sequencing shows that the mammalian genome contains fewer
genes than previously predicted1. However, transcriptome and
proteome analysis suggests that higher organism complexity is
produced not by an increase in the absolute number of genes but
by changes in temporal and spatial transcript expression, as well
as alternative transcript and protein isoform production27.
Because ENU mutagenesis is phenotype-driven, it is a powerful
way to discover gene function because no prior assumptions are
made regarding a particular transcript or protein product.
Although the Trp53–Wnt3 interval of mouse chromosome 11 is
predicted to contain over 700 genes and already has a large
number of knockout mutations28, we have tripled the number of
mutants in this region with a one-genome coverage screen. The
recovery of 142 mutations on other mouse chromosomes
demonstrates that the balancer mutagenesis strategy has multiple
benefits for the efficient functional annotation of the mammalian
genome. A

Methods
Mouse strains
Inv(11)8BrdTrp53–Wnt3 was engineered in 129/SvEv embryonic stem cells, and is
maintained by subsequent backcrosses onto the inbred strains C57BL/6J (11 generations),
129S6/SvEvTac (8 generations) and C3HeB/FeJ (6 generations). Most pedigrees screened
for mutations used 129.Inv(11)8Brd. The Rex mutation was acquired from The Jackson

Laboratory as the RSV/Le stock, and was subsequently backcrossed to make it congenic
(N . 10) on the same three strains.

Mutagenesis and screening
C57BL/6J males (Jackson Laboratory) were injected intraperitoneally at the age of 8–10
weeks with 100 mg ENU per kg body weight weekly for three weeks3. Forty-seven fertile
treated males were mated as in Fig. 1b. Of 905 F1 animals, 735 produced enough litters at
the third (F3) generation to test that pedigree for phenotypes. A pedigree was bred as a
potential new mutation if: (1) no test class animals were observed in a total of 24 carrier
animals (x2 ¼ 10.5; P , 0.01); (2) all test class animals exhibited a similar phenotype; or
(3) at least two or more animals of test or carrier class exhibited the same phenotype in a
single pedigree. Additional phenotypes were found by letting the animals age to 3 months,
performing complete blood counts (CBCs) with a differential analysis of white blood cells
on 517 pedigrees29, or testing for infertility in 184 pedigrees. Additional pedigrees were
screened for biochemical, bone or soft tissue abnormalities (see Supplementary
Information for phenotyping details).

Characterization of lethal mutants
If a pedigree produced no test class animals in a cohort of at least 24 carriers, the carrier
class animals were used to generate a stock of mice. To eliminate any interfering
phenotypes or accessory mutations in the pedigree, carrier animals were out crossed at
least once to C3H.Inv(11)8Brd/Re animals, and then Inv/m animals were intercrossed to
recover the original mutation. To determine the stage of death, timed matings were
performed on carrier females by examining them each morning for a vaginal plug.
Evidence of a plug was designated embryonic day (E)0.5, and females were killed for
embryo examination at various stages. Mutant embryos were fixed in Bouin’s fixative,
embedded in paraffin, sectioned at 5 mm, and stained with haematoxylin and eosin as
previously described30. Using PCR, embryos were genotyped for the presence of the
human HPRT cassette present in the engineered inversion. DNA was prepared from
embryonic tail or yolk sac samples and PCR was performed as a multiplex reaction with
primers to the HPRTmini gene to detect the inversion chromosome and primers to mouse
BAC clone RPCI23-132B20 T7 end as a control for the presence of DNA. Conditions and
primer sequences are available on request.

Sequencing
After PCR amplification, genomic DNA prepared from tails was sequenced directly using
BigDye Terminators v3.0 (Applied Biosystems) according to the manufacturer’s
instructions. All Slc4a1 exons and splice junctions were sequenced in their entirety in
multiple homozygous l11Jus51 animals and the treated strain C57BL/6J; oligonucleotide
primer sequences are available on request. No differences between l11Jus51 and C57BL/6J
sequences were detected other than the A-to-T transversion at coding nucleotide 1622,
which abolishes a BglII endonuclease restriction site.

Statistics and web display
Poisson distribution calculations were based on the observation of 55 lethal mutations in
735 pedigrees. Thus, P(0) ¼ e2m ¼ 0.925, m ¼ 0.08; P(1) ¼ 0.074; P(2) ¼ 0.003;
P(3) ¼ 0.00008. x2 tests are calculated with Yates’ correction. See http://www.mouse-
genome.bcm.tmc.edu (linked to a relational database) for phenotype information on the
mutants generated from this mutagenesis screen. The interface to retrieve data from the
SQL server was developed using Active Server Pages (ASP). Users can query mutant and
map location, retrieve phenotype information and request mutants from this web page.
An image management system, ImageView, allows public viewing of images. Movies can
be viewed after registration on the web page.
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Plastids of higher plants are semi-autonomous cellular organelles
that have their own genome and transcription–translation
machinery1. Examples of plastid functions are photosynthesis
and biosynthesis of starch, amino acids, lipids and pigments2.
Plastid functions are encoded in ,120 plastid genes1 and ,3,000
nuclear genes2,3. Although many embryo and seedling lethal

nuclear genes are required for chloroplast biogenesis4–6, until
now deletion of plastid genes either had no phenotypic conse-
quence (8 genes), or caused a mutant phenotype but did not affect
viability (13 genes)7–10. Here we identify an essential plastid gene.
By using the CRE–lox site-specific recombination system11,12 we
have deleted clpP1 (caseinolytic protease P1), one of the three
genes (clpP1, ycf1 and ycf2) whose disruption had previously only
been possible in a fraction of the 1,000–10,000 plastid genome
copies in a cell7,13. Loss of the clpP1 gene product, the ClpP1
protease subunit14, results in ablation of the shoot system of
tobacco plants, suggesting that ClpP1-mediated protein degra-
dation is essential for shoot development.

CRE, a site-specific recombinase derived from the P1 bacterio-
phage, excises any DNA sequence between two directly oriented
34-base-pair lox sites15. The clpP1 exon 2 (E2) and exon 3 (E3) were
first bracketed by two directly oriented lox sites in the plastid
genome (Fig. 1a). The clpP1 E2 and E3 encode conserved amino-
acid residues essential for ClpP1 catalytic function14,16. A Cre gene
encoding a plastid-targeted CRE enzyme was then introduced into
the nucleus by a sexual cross with a plant carrying a nuclear Cre
gene. CRE, translated in the cytoplasm, was imported into all
plastids and excised the clpP1 segment between the two lox sites
(Fig. 1b).

Tobacco plants with engineered clpP1 genes—now flanked by lox
sites (‘floxed’), and denoted clpP1 fl—were obtained by plastid
transformation. Plastid transformation was carried out with vector
pHK85, in which the engineered clpP1 fl was linked with a spectino-
mycin resistance (aadA) marker gene (Fig. 2a). The transforming
DNA was introduced into chloroplasts by bombardment of tobacco
leaves, and transplastomic clones were selected by spectinomycin
resistance. Transformed plastid genomes were obtained by replacing
the plastid clpP1 gene with the engineered clpP1 fl and aadA genes
carried in the vector (Figs 1a and 2a). Uniform transformation of
plastid genomes was confirmed by DNA gel blot analysis (lane
clpP1fl, Fig. 3a)17. Plants regenerated from the transformed tissue
were indistinguishable from wild-type plants. Thus, introduction of
lox sites and aadA in the clpP1 operon did not interfere with plastid
function.

Tobacco plants carrying a nuclear Cre gene were obtained by
Agrobacterium-mediated transformation. The Agrobacterium vec-
tors carried a Cre gene engineered for expression in the plant
nucleus; they had a constitutive P2

0
promoter and a nos sequence

encoding a polyadenylation site. The encoded CRE protein is plastid
targeted because the Cre coding region is translationally fused at its
amino terminus with a DNA segment encoding the Rubisco small
subunit transit peptide (Fig. 2b).

To trigger excision of clpP1 fl, plants with engineered plastids were
pollinated with nuclear Cre lines. Note that in tobacco only the
maternal parent transmits plastids to the seed progeny, thus the
seedlings carried only engineered plastids containing clpP1 fl. The
Cre lines were maintained as heterozygotes, therefore pollination of
clpP1fl plants (maternal parent) with nuclear Cre lines was expected
to yield seed progeny in which about half of the seedlings carried the
nuclear Cre. It is well known that the developmental timing and
level of transgene expression in the nucleus is modulated by host
genome sequences adjacent to the insertion site18. Thus, we
expected differences in CRE activity in the seed progeny derived
from crosses with independently transformed Cre lines.

To evaluate the consequence of clpP1 fl excision, seed progeny
derived from the crosses were germinated in sterile culture in the
absence of antibiotics. Under this condition, wild-type seedlings are
green (Fig. 4f). The cross of clpP1 fl plants as maternal parent and
Nt-Cre30B as pollen parent19 segregated green and white progeny
(302 to 317; ,1:1)(Fig. 4a). The green seedlings developed into
normal plants, whereas the white seedlings failed to develop a shoot
system even after ,6 months (182 days; Fig. 4b). Polymerase chain
reaction (PCR) analysis confirmed that the seedlings with white

letters to nature

NATURE | VOL 425 | 4 SEPTEMBER 2003 | www.nature.com/nature86 © 2003        Nature  Publishing Group


