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ABSTRACT: We describe for the first time the application of fast neutron mutagenesis to the genetic
dissection of root nodulation in legumes. We demonstrate the utility of chromosomal deletion mutations
through production of a soybean supernodulation mutant FN37 that lacks the internal autoregulation of
nodulation mechanism. After inoculation with microsymbiont Bradyrhizobium japonicum, FN37 forms at
least 10 times more nodules than the wild type G. sogja parent and has a phenotype identical to that of
chemically induced allelic mutants nts382 and nts1007 (NTS-1 locus). Reciprocal grafting of shoots and
roots confirmed systemic shoot control of the FN37 nodulation phenotype. RFLP/PCR marker pUTG132a
and AFLP marker UQC-IS1 which are tightly linked to NTS-7 allowed the isolation of BAC contigs delin-
eating both ends of the deletion. The genetic/physical distance ratio in the NTS-1 region is 279 kb/cM. The
deletion is estimated to be about 460 kb based on the absence of markers and bacterial artificial chro-
mosomes (BAC) ends as well as genetic and physical mapping. Deletion break points were determined

physically and placed within flanking BAC contigs.
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1. INTRODUCTION

A major challenge in plant biology is to elucidate the cel-
Iular and molecular mechanisms regulating the spatial and
temporal organization of cell proliferation, differentiation,
and organogenesis. Genetics and functional genomics are
clear approaches to study the hereditary apparatus underly-
ing such complex developmental networks. However, iso-
lation of plant genes known only by their developmental
phenotype is still time-consuming for species other than
Arabidopsis, rice, or model legumes Lotus japonicus and
Medicago truncatula [1, 2]. For example, no gene has
been cloned by using forward genetics from agriculturally
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important legumes with larger genomes, such as soybean,
pea, or broadbean.

Legumes, through symbiotic association with soil bac-
teria generally called rhizobia, are able to fix atmospheric
nitrogen, thus providing at least 35% (up to 80% in
subtropical and tropical areas) of nitrogen needs world-
wide [3]. The legume root nodule symbiosis with Rhizo-
bium/Bradyrhizobium is therefore of immense significance
to agriculture and the environment. It is also of broader aca-
demic interest because it requires the development of a spe-
cific plant organ, the root nodule. Unfortunately, plant sig-
nalling mechanisms regulating formation of nitrogen-fixing
nodules are still poorly understood. Soybean, like other
legumes, regulates the proliferation of newly formed meris-
tematic cells in the nodule primordium through a systemic
inhibition involving a leaf-expressed gene NTS-1 [4,5].
Genetic dissection of this process was aided by the isolation
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of ethyl methane sulphonate (EMS) induced nts mutants
[4-7]. Several single recessive Mendelian alleles (nts382,
nts1007, En6500) that were altered in the internal shoot-
root signalling process affecting plant development mani-
fested highly increased nodulation (up to 40 times more
nodules) after inoculation with Bradyrhizobium japonicum.
The NTS-1 gene is significant not only because of its
involvement in a shoot-root signalling circuit [8, 9], but also
because supernodulation has several pleiotropic effects,
such as nitrate tolerance and altered lateral root growth
[10].

The cloning of chemically induced mutant alleles has
shown that chemical mutagenesis generally results in sin-
gle nucleotide changes or very small deletions [11-14]. In
parallel, for several nonlegume species mutants have been
isolated after particle bombardment or ionizing mutagen-
esis, such as fast neutrons and y-rays [12, 15-17]. Ioniz-
ing mutagens are thought to produce double strand DNA
breaks that are then repaired by mechanisms which are not
clearly understood but could be similar to repairing lesions
caused by T-DNA introgression [17]. Deleted chromoso-
mal regions can be identified by several methods. First, the
difference between wild-type and mutant genomes can be
determined through the use of RFLP or PCR markers [18]
by comparing wild-type and deletion DNAs and identify-
ing restriction fragment or PCR-amplified polymorphisms
associated with the deletion and the mutation itself. These
markers are then used to physically delineate the genomic
region with large contiguous DNA clones, such as bacterial
artificial chromosomes (BACs), followed by the identifica-
tion of the gene on the contig. Deleted regions could also
be cloned by subtraction technologies, such as genomic
subtraction (GS) [16] or representational difference anal-
ysis (RDA) [19]. Both methods are aimed at finding dif-
ferences between two closely related genomes referred to
as the “tester” and the “driver.” The simplest version of
the “driver” would be a “tester” derivative with chromo-
somal deletions caused by mutagenesis. Subtraction tech-
niques are therefore focused on finding unique DNA frag-
ments present in the “tester” but not in the “driver” sample.
Conventional GS involves denaturation of digested or son-
icated “tester” and biotinylated “driver” DNA, mixing the
two denatured samples for DNA reassociation, followed by
adaptor ligation and adaptor-based specific PCR amplifi-
cation of the subtracted genome fragments present in the
“tester” but not in the “driver” genome [16]. RDA has been
acclaimed as a more powerful technique compared to GS
when one deals with complex eukaryotic genomes [19].
The main feature of RDA is that after digesting “tester” and
“driver” DNA separately, adaptors are ligated and “whole
genome” PCR is performed on both samples allowing only
relatively short fragments to be amplified. This results in
the decreased complexity of the samples going into the next
stage of subtraction. Other subtraction methods are based
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on differences between mutant and wild-type mRNA popu-
lations and involve analysis of differential gene expression
by enrichment of the wild-type cDNA population absent in
the deletion mutant (e.g., suppression subtractive hybridiza-
tion) [20]. However, all subtraction methods have limita-
tions, the most obvious of which is that some deleted genes
will not be clonable because of duplicated sequences in the
genome (in the case of DNA subtraction methods), or tran-
script redundancy in the mRNA population derived from
the deletion mutant (in the case of cDNA subtraction meth-
ods).

The main attraction of subtractive technologies is that
theoretically they allow cloning deleted sequences (DNA
and RNA subtraction) and genes regulated by the deleted
sequences (RNA subtraction) without a need to perform
genetic mapping of the disrupted gene(s) [16, 20]. In con-
trast, map-based cloning of a targeted genomic interval
requires the identification of markers tightly linked to the
gene of interest. In fact, marker detection is probably
the most critical step for a successful chromosome walk
[21]. Thus, the bottleneck of the map-based cloning is the
requirement of either the availability of a high-density map
of the organism or the high-resolution local mapping of
the gene of interest by methods combining PCR with DNA
pooling strategies, i.e., bulked segregant analysis [22].

There is no available molecular or biochemical informa-
tion elucidating the structure and function of NTS-1; hence
our major goal was to isolate the gene by means of a
map-based cloning approach. In this context, obtaining new
mutants for the locus of interest is very helpful for delin-
eating the genomic region, finding the gene, and confirm-
ing its isolation. All previously described NTS-I mutants
were produced by EMS mutagenesis and most probably
contain single nucleotide substitutions or very small inser-
tions/deletions in the coding or regulatory sequences of
the gene. In contrast to EMS mutagenesis that produces
either strong or weak mutant alleles, fast neutrons can
produce null mutants lacking entire genes and their chro-
mosomal environment. Fast neutron (FN) mutagenesis has
been effectively implemented in the nonlegume Arabidop-
sis [23], but to date there has been no report on any
fast neutron mutants dissecting nodulation pathways in
legumes. Here we describe the application of FN mutage-
nesis in producing a large DNA deletion in the soybean
NTS-1 region, leading to the loss of autoregulation of nodu-
lation.

2. MATERIALS AND METHODS

2.1. FN Mutagenesis and Isolation
of Supernodulating Soybean Mutant FN37

About 15,000 soybean G. soja seeds (P1468.397) were irra-
diated at the International Atomic Energy Agency Agricul-
ture and Biotechnology Laboratory, Vienna, Austria (cour-
tesy of Dr. H. Brunner) with a dosage of 8 Gy. M, plants
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were self-pollinated and M, seeds were harvested and ana-
lyzed in bulk. Briefly, M, plants were inoculated three days
after sowing with microsymbiont Bradyrhizobium japon-
icum strain USDA 110 (approximately 10'° bacteria per
plant) and were cultured in sand/vermiculite (1:2 ratio).
The plants received 1.2 L of nitrogen-free Herridge nutri-
ent solution [24] three times a week. The nodulation phe-
notype of plants was scored 4 weeks after germination.
Putative mutants were transferred into new pots and sup-
plied with full-nutrient solution [24]. After screening about
5000 M, plants, one mutant with highly increased nod-
ule number was found. This mutant was advanced through
five generations of self-pollination and visual selection
of progeny and showed a stable supernodulating pheno-
type. The mutant (designated FN37) was then subjected to
genetic and molecular analysis (FN37 seeds are available
from the corresponding author upon request).

2.2. Grafting Experiments

All four shoot/root, wild-type/mutant combinations were
tested with at least four plants per graft. We have used a
described protocol [8, 25] with some modifications. Plants
were grafted 2 weeks after sowing by wedge-shaped grafts
in the hypocotyls with the cotyledons left on the scion.
Graft junctions were externally supported by short well-
fitting Tygon tubes. Plants were then covered with plastic
bags or cut 2 L soft drink bottles and inoculated four days
after grafting with either B. japonicum USDA110 strain or
Nodulaid 100 (Bio-Care Technology Pty Ltd., Somersby,
NSW, Australia). The bottle lids were slowly opened and
then discarded to permit venting and hardening off. Plastic
covers were removed 1 week after and plants were har-
vested 9-10 weeks after germination and scored for nodu-
lation phenotype.

2.3. BAC DNA lIsolation, Fingerprinting,
and End Sequencing

Soybean BAC libraries [26-28] arrayed as individual dupli-
cated clones on 22.5 x 22.5 cM Nylon filters (4 x 4 gridding
pattern) were screened by standard Southern hybridization
procedures [29]. Hybridization with radiolabeled probes
was carried out for 20 hours at 65 °C. Filters were washed
at 65 °C twice with 2X SSC/0.1% SDS and twice with 2X
SSC/0.1X SSC (each wash was 20 min) and signals were
detected by autoradiography.

Supercoiled BAC DNA was isolated from 6-10 ml LB
cultures as described by plasmid alkali lysis protocol [29].
For insert size determination, 1 ug of each BAC was
digested with Nofl followed by fractionation using PFGE.
For fingerprinting, 2 ug of BAC DNA was digested with
either EcoRI or HindIll and electrophoresed in a 1%
agarose overnight at 2 V/cm. DNA bands were visual-
ized by staining the gel with SYBR® Gold dye (Molec-
ular Probes Inc., OR, USA). For each clone we normally

Men et al./Fast Neutron Soybean Mutant

observed 20-25 DNA bands in the range of 0.4-10 kb.
BACs were considered as overlapping if they shared >70%
of the bands. Based on the presence of either common
or unique DNA bands, overlapping BACs were assembled
into contigs. After fingerprinting, all bands were manu-
ally called and the sum of the band sizes from each gel
lane was divided by the BAC size (estimated by the Notl
digestion/PFGE) in order to find the proportion of the BAC
DNA represented by fingerprinting (proportion was usu-
ally about 65-70%). Based on this coefficient, the approxi-
mate lengths of overlaps between BACs as well as unique,
nonoverlapping portions of the BACs were determined.

BAC ends were sequenced using standard ABI chemistry
using 1 ug of BAC DNA, 16 ul reaction mixture (ABI/PE
#402122, ABI, USA), and 50 pM of either T7 or M13
reverse (or Sp6) sequencing primer. The final reaction vol-
ume for cycle sequencing was 40 ul, and sequencing PCR
was performed for 99 cycles as recommended by the BAC-
PAC sequencing protocol (Children’s Hospital Oakland
Research Institute, CA, USA, http://www.chori.org/bacpac/
home.htm). Sequencing reactions were separated on an ABI
377 sequencer at the Australian Genome Research Facility,
Brisbane, Australia.

2.4. PCR and Southern Analysis
of Wild-Type and FN37

Soybean genomic DNA was isolated as described in [30].
The sense and antisense oligos were designed based on
the end sequences of BACs mapped close to NTS-I gene.
PCR thermal cycling consisted of 5 min at 95 °C, then
35 cycles of 15 s at 94 °C, 30 s at a specific anneal-
ing temperature, and 2 min at 72 °C. The final extension
was 7 min at 72 °C. Oligos for pUTGI132a (GeneBank
accession number Z26335) were 5-GCA GCA GTG TTG
GGC ATG TCT CT and 5-CTG CAG AAT TGG ATT
CCC AAA AGC (annealing temperature 60 °C); for UQC-
IS1 (accession number AY043286): 5'-GTC CCA AAC
ATA GCC AAT GGA ATC ACG AC and 5-GGT AGA
GGT GAC TTA GAC AGA GGT G (annealing temper-
ature 55 °C). All BACs described below come from the
soybean (G. max cv. P1437654) GM_PBa BAC library [27].
Primers for the T7 (“southern”) end of BAC17107 (acces-
sion number BH919817): 5'-GCT TCA AAT CGC AGC
ACA ATT and 5-TTT AGA TTT ACA TCA AGA ACT A
(annealing temperature 55 °C); for UQG-AS1 (Sp6 end of
BAC17107, accession number BH919818): 5'-ATT TGA
ATA TGC ATT GTT TTA AGT G and 5'-CGT CTT CTT
AAA TCC TCA AAT TAC TA (annealing temperature
56 °C); for T7 (“southern”) end of BAC164M23 (acces-
sion number BH919816): 5-TGA ATA CAT AAA CCC
CCA TAG ATG C and 5-GGT CAC TAT CAG AAA GAA
CGA AGC (annealing temperature 60 °C); for UQG-AS2
[Sp6 ends of either BAC164M23 or BAC156F11 (acces-
sion number BH919814)]: 5'-ATTA GTG TCC GAG TTT
AAT CTA C and 5'-TCA GAA TTG GTA ATT AAA GCA
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ATT C (annealing temperature 55 °C); for UQC-IS2 (T7
end of BAC95P14): 5-AGC TTG TTA GAC CTG AAG
GAT GTT C and 5'-TAT TAC TTA GTC AAC GTG AAA
TCT CC (annealing temperature 60 °C); for UQC-IS4 (T7
end of BACI29E8): 5'-AAA CAC ACA CAC TTT CTA
CTA AGG TGG and 5-TTT GAA TCT CTG TGT TTC
GAT GTG (annealing temperature 60 °C).

For Southern hybridization, soybean genomic DNA was
digested with restriction endonucleases (15 ug of DNA
per digestion) followed by 18 h electrophoresis in 1%
agarose. Blotting and hybridization were performed in con-
ditions identical to the BAC library screening [29], and the
hybridization signals were detected either by a Phospholm-
ager (Molecular Dynamics, Castle Hill, NSW, Australia) or
by autoradiography.

3. RESULTS AND DISCUSSION
3.1. Mutant Isolation

Eight Gy FN mutagenesis of soybean G. soja (P1468.397)
seeds gave nearly 60% lethality in seedling growth. Of
the surviving M, plants, most had normal morphology.
For example, chlorophyll deficient leaf sectors were rarely
observed. About 5000 M, plants were analyzed for nodu-
lation abnormalities. FN37 was the only supernodulation
isolate. Several putative non-nodulating mutants were also
detected and are presently being tested for stability.

3.2. Mutant Characterization

Mutant FN37 showed increased nodule number compared
to the wild-type parent (Fig. la). To identify whether the
phenotype of the FN37 mutant was conferred by above-
ground parts (as previously shown for nts246, nts382,
nts1007, and other allelic mutants [8, 9]) we performed
reciprocal grafting experiments. Supernodulation was con-
sistently conferred to root stocks by mutant scions, whereas
wild-type scions grafted on any root stocks resulted in wild-
type nodulation (Fig. 1b). Therefore, the supernodulation
phenotype of FN37 was controlled by the plant scion sug-
gesting that this mutant was part of the existing class of
autoregulation mutants previously described in soybean and
L. japonicus [8-10].

3.3. Genetic Mapping

Since the FN37 mutant phenotypically resembled allelic
EMS supernodulating mutants nts246, nts382, and nts1007
[4, 8], the possible relationship between FN37 and EMS
mutant genomes was investigated. The phenotype of the
EMS mutants is conferred by single recessive mutations
in the NTS-1 gene. We previously showed that in the C16
cross G. max (nts382) x G. soja (P1468.397), NTS-1 maps
between two RFLP markers, pUTG132a located 0.7 cM
“south” of NTS-I and marker pA381-1 located on the
“north” side [31, 32]. We generated a new cross between
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Figure 1. Soybean mutant FN37 obtained after fast neutron mutagen-
esis confers shoot-controlled supernodulating phenotype. (a) Mutant and
wild-type roots. FN37 produced >10 times more nodules than the wild-
type G. soja soybeans (on the right) and had a smaller root system.
(b) Grafting analysis of supernodulation in FN37. Average nodule num-
ber for ungrafted and grafted combinations was determined from at least
four plants. Statistical analysis was done by ANOVA using version 8.0 of
Statistical Analysis Software (SAS Institute Inc., Cary, NC, USA). Means
represented by the same letter are not significantly different at P = 0.05.
WT = wild-type G. soja P1468.397 (ungrafted control); WT/WT = wild-
type scion over wild-type stock; WT/m = wild-type scion over FN37
stock; m = FN37 (ungrafted control); m/m = FN37 scion over FN37 stock;
m/WT = FN37 scion over wild-type stock.

G. max (nts246) and G. soja (P1100.070). This cross was
named UQnts. We then implemented an AFLP approach
[33] on the UQnts F, segregating population to iden-
tify additional markers distal to pUTG132a. Eleven linked
AFLP markers were found [34], of which marker UQC-IS1
was shown to be the closest and mapped 1.5 cM “north”
from NTS-1 (genetic map on the left part of Fig. 2). In
the UQnts segregating population, the pUTG132a marker
was mapped further (1.2 versus 0.7 cM) from NTS-1, when
compared to the C16 population (genetic map in Fig. 2).

3.4. BAC lIsolation

Four publicly available soybean BAC libraries [26—
28, 35] were screened with pUTG132a and UQC-IS1
probes. Eighteen and fifteen positive BACs were identified,
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Figure 2. Genetic and physical maps around the NTS-I locus of soy-
bean. Originally developed RFLP/PCR marker pUTG132a and an AFLP
marker UQC-IS1 were used to start the walk from the north and south
of the gene. Eighteen BACs were identified using pUTG132a as a probe.
Three BACs spanning the “south”-side contig have been orientated relative
to the NTS-I locus with the deletion mutant FN37 and F, recombinants
between pUTG132a and N7S-1. Similarly, 15 BACs were identified using
UQC-ISI as a probe, and 3 clones constitute the “north”-side contig. The
genetic map spans N7S-1, with UQG-AS1 and UQC-IS3 mapped 0.9 cM
south and 0.6 cM north of the gene, respectively (UQnts mapping pop-
ulation). A putative location of the deletion is shown on the right, and
probes located outside the deletion are indicated with an “X” on the FN37
chromosome.

respectively. Most of the BACs (11 for pUTG132a and 8
for UQC-IS1) were derived from the G. max cv. PI437654
GM_PBa BAC library [27]. The positive BACs were char-
acterized for insert size and HindlIII fingerprinting (Fig. 3).
By comparing BAC fingerprints (lanes 1-8 in the agarose
gel stained with SYBR® Gold), the most informative BACs
(lanes 3 and 5) were easily found, because they contained
all bands represented by the other six clones and had extra
DNA fragments of about 1.2 kb (lane 3) and 1.3 kb (lane
5) (Fig. 3). The informative BACs selected from the finger-
printing experiments were then subjected to end sequenc-
ing. Sequenced BAC ends were converted into sequence
tagged sites and used in the next round of BAC library
screenings. The whole screening procedure was repeated
three times for each contig. No additional BAC clones
extended further north from BAC156F11 were found in any
of the four BAC libraries (~25X soybean genome equiv-
alents) [26-28, 35]. One BAC was, however, found that
extended further “south” from BACI129ES8 and contained
the NTS-I locus, but this BAC did not overlap with the
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Figure 3. Example of the BAC fingerprinting. Clones were digested
with HindIII and separated in 1% agarose overnight. The gel was stained
with SYBR® Gold. PBeloBAC1 1 vector band as well as unique fingerprint
fragments in lanes 3 and 5 are shown by arrows. The most informative
BACs (lanes 3 and 5 in this experiment) then were chosen and assembled
into overlapping contigs.

“south” contig [36]. The central part of Figure 2 shows the
“south” and “north” contigs built by aligning three of the
most informative BACs containing pUTG132a and UQC-
IS1 markers, respectively.

3.5. Delineation of the Deletion

To define the extent of the FN37 deletion, we used PCR
probes developed from markers and BAC ends mapped
close to NTS-I (see Section 2). First, the PCR primers
for the pUTG132a marker, as well as both ends of the
pUTG132a-positive BAC17107 (135 kb long), were used
to amplify both wild-type and FN37 DNA. Data showed
that the “south” (ST7) end of BAC17107 was present in
both genomes, whereas both pUTG132a and “north” end
of BAC17107 were deleted in FN37 (Fig. 4a, b). Then we
performed the same analysis with loci derived from both
ends of BAC156F11 and BAC164M23. PCR results indi-
cated that all end clone sequences of BAC156F11 (Fig. 4b)
and 164M23 (data not shown) were deleted in FN37.

The PCR data were confirmed by simultaneous Southern
hybridization with two labeled probes derived from BAC
ends (Fig. 5a). One of the fragments, namely UQG-AS2,
was derived from BACI156F11 and deleted from FN37
DNA based on the PCR test. The second probe derived
from the ST7 end of BAC17107 and gave a positive
PCR result on FN37 DNA. The results of the Southern
hybridization revealed signals present in or deleted from
FN37 DNA (Fig. 5a). Based on the size of BACI56F11
(140 kb), and assuming from the fingerprinting that
BAC164M23 extended 10-20 kb south from BAC156F11,
preliminary estimation of DNA loss from the “south” con-
tig in FN37 was >150 kb.
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Figure 4. PCR analysis of deletion mutant FN37 with probes mapped
close to NTS-1. (a) Schematic representation of four PCR probes used
for the analysis. The T7 probe was derived from the “south” end of the
BACI156F11; ST7 is the “south” end of BAC17107. The order of the these
probes relative to NTS-1 has been established by previous mapping [32].
(b) Agarose gel analysis of amplified probes. DNA in lanes: m = FN37;
WT = wild-type G. soja P1468.397; EMS = nts382 mutant; — = negative
(no DNA) control.

In order to obtain more information on the genomic envi-
ronment of NTS-I and to determine physical/genetic dis-
tance relationships for this area of the soybean genome,
we have sequenced and annotated the entire 135 kb long
BAC17107 (Men et al., in prep.). From the sequencing
data, the physical distance between pUTG132a and UQG-
AS1 is 83.7 kb. On the other hand, mapping of F, soy-
bean recombinants in the interval between pUTG132a and
UQG-AS1 showed that the genetic distance between these
two markers is 0.3 cM [34], giving a physical/genetic dis-
tance ratio in this region of soybean genome as 279 kb/cM.
Since the ST7 end of BAC17107 was still present in the
FN37 DNA, we recently have derived PCR probes for every
10 kb region of BAC17107 starting from the ST7 end. This
analysis showed that the deletion start was located <40 kb
from the “south” end of BAC17107, based on the 10 kb
resolution (data not shown).

Similarly, BAC ends derived from the “north” contig
were PCR-tested on wild-type and FN37 DNA. Previous
BAC fingerprinting as well as PCR analysis, hybridization,
and genetic mapping of BAC ends showed that the ori-
entation of the “north” contig relative to NTS-1 was as
illustrated in Figure 2 [32, 34]. PCR and hybridization
experiments demonstrated the presence of all “north” con-
tig markers located between UQC-IS1 and UQC-IS3 the in
FN37 DNA (data not shown). The north end of the deletion
was determined with the T7 end of BAC129E8 (UQC-IS4
in Fig. 2). UQC-IS4 was partially deleted from the FN37
genome as determined by PCR (data not shown) and rear-
ranged as shown by Southern hybridization (Fig. 5b).

UQC-IS4 has high homology to several plant vacuolar
proton pump ATPase genes and most probably represents a
member of a gene family in the soybean genome as illus-
trated by the presence of multiple bands on the Southern
blot (Fig. 5b). Additionally, the presence of multiple UQC-
IS4 paralogs detected in this experiment is consistent with

GENOME LETTERS 2002, 3, 147-155

BamHI Dral EcoRl EcoRV Hindlll Xbal

WT m WT m W W m W mwr m

b~ ey
- —
P —P-
— g
- i e 2
-— - -
— -
(a)
BamHl EcoRV Hindlll EcoRl Dral Ncol
{ A\ )\ A A\l \K{ 1
WTIm WIm WIm WIT m WIm WT m
o
e S— ~=+ .y
.: —
; e - P s
— - Y e
-
Y -
e
3
nd K 1
-‘ TN— --n~
iy b

(b)

Figure 5. Southern blot analysis of FN37 and wild-type soybean DNA.
(a) Two radiolabeled probes were used simultaneously. One of them was
deleted from the FN37 DNA based on a PCR test (UQG-AS2). The other
was PCR positive on FN37 DNA (ST7 end of BAC17107). The absence
of hybridization signal in FN37 DNA after Xbal digestion is probably due
to the small molecular size of the corresponding fragment. DNA in lanes:
WT = G. soja P1468.397; m = FN37. (b) A radiolabeled UQC-IS4 probe
(homologous to soybean ATPase, accession number AW756248) was used
on genomic DNA digested with several restriction endonucleases. Arrows
indicate altered restriction fragments caused by the deletion break point.

the amphidiploid nature of soybean and the presence of
multigene families [37]. Since other markers north of UQC-
IS4, such as ESTs and genes located on BAC95P14 and
BAC3K21, also showed duplications but neither loss nor
rearrangement in FN37 (data not shown), it was evident
that the region of UQC-IS4 defined the “north” end of the
chromosomal deletion. Complex rearrangements detected
by this Southern hybridization indicate that the deletion
break point is located within UQC-IS4, because both gain
of new bands (enzymes HindIIl and EcoRI) and loss of a
fragment (enzyme Ncol) were observed between wild-type
and FN37 DNA.

Because of the presence of the ST7 end of BAC17107
and markers UQC-IS1, UQC-IS2, and UQC-IS3 in the
FN37 genome, PCR haplotyping of FN37 DNA with BAC
ends enabled us to determine the “north” and “south” sides
of the deletion and also to confirm the orientation of both
contigs relative to NTS-1. As estimated by analysis of the
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“south” contig, the genetic/physical distance ratio in this
region is 279 kb/cM. Genetic distance between pUTG132a
and UQC-IS3 is 1.8 cM [32, 34], and physical distance
between UQC-IS3 and UQC-IS4 is about 40 kb based on
BAC129E8 analysis. Therefore the estimated size of the
deletion in FN37 mutant is 460 kb, assuming physical
collinearity between G. max and G. soja genomes.

4. CONCLUSIONS

The chromosomal deletion approach is especially valuable
for organisms that have repeated genomes as the dele-
tion creates partial diploidy in defined chromosomal seg-
ments. Deletion mutants offer an additional advantage for
gene analysis using reverse genetics. Using transgenesis,
new genes can be added; interpretation of results will be
aided by the complete absence of the resident copy for the
reintroduced gene. Even a non-sense mutation, normally
viewed as a “null,” still expresses the mRNA and would
still be detected in genomic and gene expression analyses.
Therefore large chromosomal deletion mutants remove all
interfering functional and structural elements for a reverse
genetics approach.

Here we report the application of fast neutron mutage-
nesis for the isolation of deletion mutations in soybean;
one such mutation (FN37) altered the symbiotic pheno-
type as evidenced by a loss of autoregulation of nodula-
tion. This mutant closely resembled legume mutants with
the supernodulating phenotype [4-9] and provided addi-
tional value for map-based cloning and genome definition
of the soybean NTS-1 locus [36]. By all developmental cri-
teria, the FN37 mutant was similar to other supernodulation
mutants, because it (i) lacked autoregulation of nodulation
as manifested by a highly increased nodule number after
inoculation with B. japonicum and (ii) demonstrated shoot
control of the supernodulation phenotype. FN37 also had
nodulation tolerance to inhibitory levels of nitrate (data not
shown), reduced nodule size when supernodulated, and an
altered root system (Fig. 1a).

Using molecular markers close to NTS-I alleles derived
from EMS mutants, we confirmed that FN37 was deleted in
the same chromosomal region of soybean linkage group H.
Most of the “south” BAC contig markers (bar the southern
tip of the contig) were deleted, whereas all probes from
the “north” contig (bar the UQC-IS4 marker) were present
in FN37. It was therefore possible to define both deletion
break points located within the region of UQC-IS4 (“north”
end) and within 40 kb of the fully sequenced soybean
BAC17107. Results based on BAC sizes and recombina-
tion distances suggested a large deletion. BAC156F11 and
BAC164M23 (Fig. 2) were both 140 kb in size with approx-
imately 125 kb overlap. Since both ends of these BACs as
well as probes located between them (i.e., pUTG132a) were
missing from FN37 DNA, we conclude that both the entire
BAC156F11 and BAC164M23 were deleted. Based on the
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absence of UQC-IS4 marker and the genetic/physical dis-
tance ratio in this region of soybean genome, the deletion
in FN37 is about 460 kb.

FN mutagenesis recently has been effectively imple-
mented in model species Arabidopsis and rice [23]. Li and
co-authors used 60 Gy dosage to bombard Arabidopsis
seeds (51,840 lines were analyzed). Neither larger deletions
nor visible Arabidopsis mutant phenotypes were reported
for this screen [23]. In soybean, we used a lower dosage
(8 Gy) to generate a deletion at least one order of mag-
nitude larger than reported in Arabidopsis. This deletion
resulted in a severe root phenotype, namely supernodula-
tion. As revealed by BAC17107 sequencing, several soy-
bean genes and ESTs are deleted in FN37. Since soy-
bean is an ancestral tetraploid, duplication of many regions
and genes is a common theme, as verified here with the
UQC-IS4-based Southern blot (Fig. 5b). However, regional
diploidy must exist as single recessive mutations such
as nts-1 can be found. Gene redundancy would explain
the appearance of FN37 plants, which showed no growth
abnormalities and were fertile even after losing about
460 kb of chromosomal DNA. For example, in Arabidopsis
due to the small genome size, gene redundancy is probably
much lower than in other plant species and gene density is
higher. Hence, the presence of a large deletion could result
in lethality of a plant with a small genome because of mul-
tiple null alleles for developmentally important genes or
low transmission through the male gametophyte. Indeed,
the deletion sizes reported in [23] were between 0.8 and
12 kb. In contrast, in polyploid species, such as hexaploid
wheat, deletions can be as large as 70 Mb (for example,
around the homeologous chromosome pairing gene Phl
[38, 39]). This supports the idea that deletion mutants in
complex species still have redundant transcripts encoded by
functional paralogs located elsewhere in the genome and
therefore such mutants could be more easily recovered in
mutagenesis programs.

Contiguous homozygous nonlethal deletions have been
found in numerous organisms, including humans [40].
Alternatively, fast neutron bombardment may cause rear-
rangements more complicated than simple contigous loss of
chromosomal DNA. Cloning of transparent testa (flavonoid
pathway) mutations in Arabidopsis generated by fast neu-
trons showed an inversion within the gene of interest com-
bined with a translocation of another DNA fragment 38
centimorgans away on the same chromosome, to one end
of this inversion [17]. Interestingly, sequence analysis of
the break points in transparent testa DNA indicated that
repair of radiation-induced damage involved mechanisms
similar or identical to those that mediate the integration of
foreign sequences into the plant genome [17]. Therefore,
deletion mutagenesis of a given genome is most probably a
combination of a random process of DNA breakage by par-
ticle bombardment followed by a nonrandom process that
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functions under control of specific double-strand breakage
DNA repair mechanisms.

It is therefore possible that rearrangements other than the
postulated contiguous deletion of the entire NTS-I region
could have occurred during our FN mutagenesis program.
However, the results showing the absence of markers and
BACs tightly linked to NTS-I along with the observed
shoot-controlled supernodulating phenotype of the FN37
mutant have lead us to the hypothesis that FN37 is most
probably null for NTS-1. Final proof of this hypothesis was
recently achieved as the cloned NTS-I gene was shown to
be completely deleted from the FN37 genome based on
Southern hybridization and expression studies [36].
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