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ABSTRACT

induced mutations have been released in 32 countries. A maximum number

of cultivars have been released in soybean (58), followed by common

bean (50), groundnut (44), pea (32) and mungbean (14). Gamma or x-
[l ray exposures of seeds led to the direct development of 111 cultivars,

while neutron and chemical mutagen treatments resulted in 8 and 36

cultivars respectively. One hundred and three cultivars have been developed
il using mutants in cross breeding. Attempts have been made to estimate

the successful dose range for gamma and x-rays, defined as the dose
‘ range, which led to the development, registration and release of a maximum
M

Two hundred and sixty-five grain legume cultivars developed using

number of mutant cultivars. Exposures to seeds ranging between 100-
200 Gy in all grain legumes, except faba bean, resulted in 49 out of 111
cultivars being developed as direct mutants. Successful doses reported
for faba bean are lower than 100 Gy. Modified crop plant characters are
listed.
M Besides the development of new cultivars, a large number of
‘ induced mutants that show altered nodulation pattern have been isolated
in grain legumes. Such mutants have made a significant contribution in
basic studies on host - symbiont interactions and towards cloning of plant
genes related to symbiosis and nitrogen fixation. Their exploitation in
breeding programs for enhancing nitrogen fixation, is just beginning.
Available information on nodulation mutants in grain legume crops is
summarised. Mainly, four types of nodulation mutants have been isolated.
They show either: no nodulation (nod -), few nodules (nod +/-), ineffective
nodulation (Fix-), hypernodulation (nod ++) or hypernodulation even in
the presence of otherwise inhibitory nitrate levels (nts). Hypernodulating
and nts mutants are of great interest. A soybean cultivar incorporating nts
trait has been released in Australia.
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INTRODUCTION

Grain legumes include a wide variety of crops belonging to the family Leguminosae. All
of them are valued for their protein rich grains, while soybean and groundnut seeds are
important sources of vegetable fats, besides proteins. These crops, with symbiotically
associated microbes, are able to fix atmospheric nitrogen and improve physical and chemical
properties of soil. The importance of grain legume crops as a component of crop rotations in
disease and pest management and in evolving sustainable cropping systems, was widely
recognised in recent years due to the environmental problems caused by excessive use of
chemical fertilisers, and pesticides. The grain legume crops display a wide range of climatic
adaptability as well as growth habits. While all other grain legume crops are annual, pigeon
pea is essentially perennial in habit but has been adapted as an annual crop. Earlier, induced
mutations in peas was reviewed by Jaranowski and Micke [64], and an overview of genetic
improvement of grain legumes using induced mutations was made by Micke [82] which
included information on the cultivars developed till 1986. The overall importance of grain
legumes in agriculture, the breeding problems and the prospects of induced mutations for
grain legume improvement were also covered extensively. Since then, considerable progress
in the development of new cultivars using induced mutations has been made. This review
presents the current status of the cultivars developed using induced mutations and mutations
affecting nodulation in grain legume crops.

METHODOLOGY

The data included is based on the information appearing in the Mutation Breeding
Newsletters Vol. 1 (May 1972) to Vol. 43 (October 1997) and in the records of the Plant
Breeding and Genetics Section of the Joint FAO/IAEA Division (1999 data). Successful dose
has been defined in the presented paper as the dose, which directly led to the development,
registration and release of a mutant variety, without using the mutant as a parent in a cross.
However, considering all the variables, it is more useful to present a dose range, which led to
the successful development of the maximum number of new cultivars The potential sources of
errors in the presented paper are:

- insufficient or incorrect information provided by the breeders responsible for
developing the new cultivar
- incorrect measurement of the radiation dose.

The dose in chemical mutagen treatments is much more complex. It is expressed as
mutagen concentration x time (duration of soaking). Temperature, pH, post-treatment washing
and soaking alter the actual mutagen concentration. Most breeders just mention the mutagen
concentration without stating the duration of treatment. Hence, with the available information
it is not possible to draw any conclusions regarding the successful dose.

GRAIN LEGUME CULTIVARS DEVELOPED WITH THE HELP OF INDUCED
MUTATIONS

Grain legume cultivars developed with the help of induced mutations are listed in Table
1. Crops, and countries are in alphabetical order, while within a country the listing is based on
the year of approval in an ascending order. Data on the number of cultivars in each crop is
summarised in Table 2. A total of 265 cultivars have been released in 32 countries given in



Table 3. A maximum number of cultivars have been released in soybean (58), followed by
common bean (50), groundnut (44), pea (32) and mungbean (14). In 1986 there were 100
mutant cultivars of grain legumes — now there are 265 (Table 2). A maximum increase is seen
in common bean, white lupine, groundnut, pea and soybean. Most crops, other than those
where only one cultivar has been developed, show an increase. However, in pigeon pea no
new mutant cultivar has been released since 1986.

MUTAGENS USED TO PRODUCE NEW CULTIVARS

Mutagens used in the breeding programs for the development of new cultivars are listed
in Table 4. Out of 265 cultivars developed, 111 were obtained as direct mutants following
gamma or x-ray exposures, 36 after chemical mutagen treatments, and eight after exposure to
neutrons. One hundred and three cultivars have been developed using induced mutants in the
crossing program. Data for the major crops shows considerable variation with respect to the
derivation of the new cultivars. While in soybean 91% (53/58) of the cultivars have been
developed as direct mutants, the percentage of direct mutant cultivars is 50 in groundnut
(22/44), and pea (16/32). Two induced mutants and cultivars derived from them have been
extensively used for the development of new cultivars in common bean. In pea afila mutants
in the crossing program have contributed to the development of new cultivars.

SUCCESSFUL DOSE OF GAMMA/X RAYS

Successful doses defined as the doses which led to the development, registration and
release of a mutant variety directly without using the mutant as a parent in a cross breeding
program for gamma and x-rays are listed in Table 5. The number of cultivars resulting from
the exposure dose in Gy is given in brackets. The successful doses show a wide variation for
all the crops. In soybean, where 38 cultivars have been developed as direct mutants, selected
following gamma or x-ray irradiation, exposures to 100 Gy resulted in 11 cultivars. The same
radiation dose resulted in five cultivars in mungbean, four in pea, two in chickpea and one
each in common bean and cowpea. In groundnut exposure to 200 Gy resulted in 4/16
cultivars. Exposures ranging between 100 - 200 Gy in all grain legumes, except faba bean,
resulted in 49/111 cultivars developed as direct mutants. Successful doses reported for faba
bean are much lower than 100 Gy.

CHARACTERS MODIFIED IN MUTANT CULTIVARS

The most frequent and other characters of the new cultivars are listed in Table 6. After
higher yield, which is mandatory for the approval and release of new cultivars, most common
improved traits of the new cultivars are altered plant type, early flowering/maturity and large
seed size. Plant type alterations include all changes in plant architecture such as dwarf, semi-
dwarf and bushy growth habit. Plant architecture is recognised as one of the important traits
for higher productivity of the grain legumes [61]. Days to flowering and maturity have been
modified in many new cultivars. Mutations affecting flowering time are often observed at
relatively higher rates in mutagenized populations. In Arabidopsis thaliana, mutants affecting
flowering time have been extensively investigated [70]; at least, 80 loci affecting flowering
time have been identified, 54 mutants have been characterised and 22 genes have been cloned



[72]. In pea, plant type alterations caused by afila mutant, characterised by modification of
leaves into tendrils, have been extensively utilised in the development of new cultivars. Early,
medium, and late maturing cultivars have been developed to extend the periods of harvest. In
groundnut several cultivars with large pods and kernels have been developed. In Lupinus
species, low alkaloid content is the key trait of the new cultivars.

A large number of other traits have also been altered in the mutant cultivars (Table 6).
Resistance to various biotic and abiotic stresses, alterations in seed size, seed coat colour are
common to several crops. Hyper nodulation, nitrate tolerance, and alteration of root pattern in
soybean cultivars, thick or thin shell, which also determine the shelling percentage in
groundnut cultivars are reported. Day length insensitivity, which determines vegetative and
reproductive growth of the crop, is reported in pigeon pea and mungbean.

NODULATION MUTANTS IN GRAIN LEGUMES

Besides the grain yield, legume crops are valued for their endowment to grow in
nitrogen (N) poor soils, and their ability to meet part of their N requirement through fixation
of atmospheric N to ammonical N that can be used by the plants. Biological N fixation (BNF)
by leguminous crops is an important component of N cycle in the agro-ecosystems. In plant
growth and development N acquisition and assimilation is only next to photosynthesis in
importance [138]. The two processes are interlinked and determine the crop productivity.
Fixation of atmospheric N by leguminous plants is an extremely complex process that has
been extensively investigated. There is a vast amount of published literature on different
aspects of N fixation by grain legume crops. Readers should refer to comprehensive reviews
available on the subject [1; 2; 7; 9; 13; 16; 30; 33; 47; 76; 83; 104; 118; 131].

Mutational analysis has proven to be a powerful tool in genetic analysis of microbial
functions. This is also true for the symbiotic interactions between the root nodulating bacteria
and the legume host. The advance in the understanding of Rhizobium and Bradyrhizobium
genetics has been rapid where the symbiotic genes are located on large plasmids and on the
chromosome respectively. Progress has been slow in legume plants, 80 genes affecting
symbiosis have been identified in different legumes [137].

Genetic control of nodule number in pea was first reported by Gelin and Blixt [42]. Two
nodulation resistant varieties of pea, one from Iran and the other from Afghanistan were
discovered by Lie [73]. These varieties did not nodulate at 20°C after inoculation with a
temperature sensitive strain of R. leguminosarum though normal nodulation was observed at
26°C. Another stock from Afghanistan showed strain specific restriction and did not nodulate
after inoculation with the temperate strains. However, it showed normal nodulation after
inoculation with the Middle-Eastern strain. Incompatibility between host plants of one region
with the Rhizobium strains from a different region and strain specificity became evident from
other studies [74]. These observations lead to the search for similar mutant types in the
germplasm collections, and the use of chemical, and later physical, mutagens for inducing
mutations affecting nodulation. The nodulation mutants were progeny tested, crossed with the
parent and other lines to follow their inheritance, and appropriate gene symbols have been
assigned. Mutants that nodulate in the presence of high nitrate concentration were first
isolated by Caroll et al. [21] after treatment of soybean seeds with ethyl methanesulfonate.
The available information on nodulation mutants in different grain legumes is summarised in
Tables 7-9 for pea, soybean and other grain legumes respectively. Pea and soybean are the



most intensively investigated crops for nodulation mutants. It is pertinent to mention that such
mutants have also been obtained in forage legumes, but they are not included in the present
context of grain legumes.

The nodulation mutants are broadly classified into following classes [115]:

nod- no nodules

nod™” few or no nodules

fix ineffective nodulation

nod ++ supernodulation or hyper nodulation
nts(nitrate folerant symbiosis) nitrate tolerant nodulation.

In additions, other identified mutants showing resistance to mycorrhiza, and a deficiency
in nitrate reductase, are included in Tables 7-9:

myc- resistant to mycorrhiza
nar- nitrate reductase deficient
etr ethylene insensitive.

Ethylene insensitive mutants are gaining importance in basic studies. Ethylene-
insensitive mutants isolated in soybean show altered pathogen susceptibility [56]. Nodulation
mutants in pea can be reverted to normal nodulation by ethylene inhibitors [39; 50]. However,
in soybean no differences in the nodule number on a variety of soybean mutants showing
strong, intermediate and weak ethylene insensitivity were found [117].

Investigators who have recorded nodulation in field experiments with native soil
microbes have used more descriptive classification [142]:

Non nodulating with native root nodulating bacteria (RNB)

Non nodulating with a specific strain, low nodulating with native RNB

Low nodulating at low N

High nodulating at low N but low nodulating at high N

High nodulating at high N

INHERITANCE OF NODULATION MUTANTS

Spontaneous as well as induced nodulation mutants are mostly monogenic recessive (see
Tables 7-9), though involvement of two and more genes [36], and some dominant [17; 31; 38]
mutations are also reported. Many of the induced hypernodulating mutants in different
cultivars of soybean have been found to be allelic [32]. Non-nodulating soybean mutants
(nod49 and nod 772) were allelic but not nod 139. Hypernodulating nts382 was not allelic to
any of these non-nodulating mutants, and non-nodulation was found to be epistatic over
hypernodulation [80]. No spontaneous hypernodulating mutant has been reported. Earlier,
most hypernodulating mutants were obtained after treatment with chemical mutagens [16].
However, a fast neutron induced hypernodulating mutants in soybean has recently been
reported recently by Gresshoff et al. [48].

Natural and induced mutations isolated in different grain legume crops show no,
decreased, ineffective, hyper and nitrate tolerant nodulation. The observed outcome results
from the interactions of two genetic systems and is bacterial strain dependent. The non-



nodulation mutants restrict nodule formation after inoculating either with a specific or with
many different bacterial strains. In nod-, and fix- mutants the nodulation process is blocked at
different stages of nodule development. Some of the nod- mutants show no differences in
early signal exchange or other pre-infection events. Non-nodulation is totally controlled by the
root genotype [23; 81]. The root exudates of nod- mutants show similar nod gene inducing
activity. Others show few subepidermal cell divisions but infection threads are not formed.
Beside mutants with developmentally defective root hair development, low rate of nodule
meristem emergence, and pre-mature senescence of nodules have been isolated. Many
nodulation mutants have altered root characteristics and many plant hormones known to
influence root development also affect nodulation.

USE OF NODULATION MUTANTS

Mutants affecting nodulation have been used to understand the role of specific genes in
the development and functioning of the root nodules. Suggestions have been made to make
use of the restrictive nodulation mutants and combine several genes to eliminate competition
with the native soil Rhizobia [75]. Low competitive ability of the selected or genetically
tailored strains in field is widely recognized as the major constraint in enhancing BNF by the
grain legume crops [41]. A crop cultivar having gene(s) that restrict nodulation from the
native soil Rhizobia will be nodulated only by the identified inoculated strain.

Inhibition of nodulation and N fixation in the presence of soil nitrates is the second
major constraint in the utilization of BNF. Presence of nitrate inhibits early steps of
nodulation as well as N fixation [20; 132]. Hence, hypernodulating and nts mutants are of
great interest. Pierce and Bauer [105] and Caetano-Anolles and Gresshoff [16] have discussed
the evidence that suggests feed-back control of nodule development after the formation of a
critical number of nodules. This is referred to as autoregulation and was first observed by
Nutman [92] in red clover; surgical removal of functional nodules restored formation of new
nodules. nts mutants in soybean are reported to diminish autoregulation. Hypernodulation was
observed when the shoots of hypernodulating mutants of soybean and common bean were
grafted on normal and non nodulating genotypes, indicating that hypernodulation is primarily
controlled by the shoot [23; 29; 28]. Grafting of the shoots of a hypernodulating soybean
mutant on normal nodulating soybean, mungbean and hyacinth bean, has shown that a
common ‘shoot-generated’ signal that is translocated through the graft, induces
hypernodulation in all species [53]. Substances involved in autoregulation or the mechanisms
are reported to be different in soybean and common bean [51]. Hypernodulation mutants have
been used to find answers to many questions related to nodulation [16; 48]. The nts-/ gene has
been mapped on the linkage group H of the USDA soybean map, 0.3 to 0.4 cM from
pUTG132a marker [48] and efforts are on map-based cloning of the gene. No host nodulation
genes have been cloned nor has their product been identified yet.

FIELD ASSESSMENT OF THE HYPERNODULATING MUTANTS

The initial performance of the hypernodulating mutants NOD1-3, NOD2-4 and NOD3-7
[144] and NOD4 and NOD1-3 [108] in field experiments were disappointing. Yield of normal
nodulating parent ‘Williams® and other cultivars were significantly higher than the
hypernodulating mutants. Similarly the yield of the nts mutants, though producing five times



the number of nodules and eight times the nodule weight in comparison to the check cultivar
‘Centaur’, did not show a consistent increase in productivity. Grain yields ranged between
25% less to equal those of the normal nodulating cultivars. However, the carry-over effect on
the following crop of oats and barley was significantly higher after the hypernodulating
genotypes, in comparison to the normal nodulating cultivars [130]. Subsequently, a
hypernodulating (nts) cultivar ‘Nitrobean-60’ has been released in Australia [3; 32]. Low
productivity of the hypernodulating types have been attributed to physiological growth
limitation due to excessive nodulation. Other deleterious mutations, unrelated to
hypernodulation, could also be responsible for low productivity [108]. Reduction in yield of
the selected mutants, relative to the parent, has often been observed in induced mutation
experiments. Usually it is possible to recover the yield losses after backcrossing the mutant to
the parent and other cultivars. The same may be true for the hypernodulating mutants.
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TABLE 2. NUMBER OF CULTIVARS DEVELOPED WITH THE HELP OF INDUCED
MUTATIONS IN DIFFERENT GRAIN LEGUME CROPS

Number of cultivars
Developed till 1986 Developed till 1999

Arachis hypogaea 13 44
Cajanus cajan 5 5
Cicer arietinum 6 10
Dolichos lablab 1 1
Glycine max 23 58
Lathyrus sativus 1
Lens culinaris 1 1
Lupinus albus 3 12
Lupinus angustifolius 1 1
Lupinus cosentinii 1 1
Lupinus luteus 1 4
Phaseolus coccineus 1
Phaseolus vulgaris 12 50
Pisum sativum 13 32
Vicia faba 2 13
Vicia sativa 3
Vigna angularis 1 1
Vigna mungo 2 4
Vigna radiata 8 14
Vigna unguiculata 7 9
Total 100 265

TABLE 3. GRAIN LEGUME CULTIVARS DEVELOPED WITH THE HELP OF INDUCED
MUTATIONS IN DIFFERENT COUNTRIES

Country No. | Country No.
Algeria 1 Indonesia 4
Argentina 3 Iraq 2
Australia 3 Italy 9
Austria 1 Japan 7
Bangladesh 3 Kenya 2
Brazil 2 | Korea 2
Bulgaria 3 Myanmar 1
Canada 10 | Pakistan 11
China 50 | Poland 21
Costa Rica 1 Sri Lanka 1
CSFR 3 Sweden 1
Egypt 2 | Thailand 1
FRG 2 | Turkey 2
GDR 2 | USA 28
Hungary 1 USSR 43
India 38 | Vietnam 5
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TABLE 7. SYMBIOSIS MUTANTS IN PEA

Parent cv/mutagen Main characteristics Reference
used mutant (genes)

Mutants identified from germplasm collections from Afghanistan, Iran and Turkey

Sym-1 Temperature sensitive nodulation Lie [73; 74]
resistance to some strains below 20° C
Sym-2 Nodulation resistance to a large number Holl [57]
of European strains, dominance dependent Kneen et al. [68]
upon Rhizobial strain, Ch. 1. Arrest in Lie [74]
infection thread, if Rhizobium strain does Kneen and LaRue [65]
not produce Nod factors Geurts et al. [43]
sym-3 Ineffective nodulation, mr Holl [57]
sym-4 Nodulation resistance to specific Lie [74]

Rhizobial strain

CV Prvus Gelin and Blixt [42]
nodl Decreased nodulation, mr
nod?2 Decreased nodulation, mr

Induced mutants

Sparkle (EMS, gamma rays, fast neutrons)
Eleven mutants with few or no root nodules  Kneen et al. [67]
all recessive to wild type

E2 (sym-5) Nodulates at low temp, mr, Ch. 1, increased Kneen and LaRue [65]

ethylene sensitivity, can be reverted to Heidstra et al. [55]

nodulation by blocking etylene accumulation Fearn et al. [39]
sym-6 Ineffective nodulation, mr Caetano-Anolles and Gresshoff [16]
sym-7 Non-nodulation, mr, Ch. 3 Caetano-Anolles and Gresshoff [16]
sym-8 Non-nodulation, Ch. 6, essential for the Albrecht et al. [6]

induction of early nodulin genes PSENODS5

and PSENOD12A
sym-9 Non-nodulation Caetano-Anolles and Gresshoff [16]
sym-10 Non-nodulation, mr, Ch.10 Caetano-Anolles and Gresshoff [16]
sym-11 Non-nodulation, mr, Ch. 7 Caetano-Anolles and Gresshoff [16]
sym-12 Non-nodulation, mr Caetano-Anolles and Gresshoff [16]
sym-13 Ineffective nodulation, mr, Ch.2 Kneen et al. [66]
E135f Normal number of ineffective white nodules, Suganuma and LaRue [134]
(sym-13) influences expression of leghaemoglobins and Suganuma et al. [135]

level of haem Borisov et al. [10]
E135N Non-nodulation, mr Kneen et al. [66]
(sym-14)
sym-15 Decreased nodulation, mr, Ch.7 Caetano-Anolles and Gresshoff [16]
sym-16 Decreased nodulation, mr, Ch.5 Caetano-Anolles and Gresshoff [16]

sym-17 Decreased nodulation, mr Caetano-Anolles and Gresshoff [16]



sym-18
sym-19

E107

E132 (sym21)

Frisson (EMS)
P12 (sym-27)
P58 (sym-13)
P61 (sym-25)
P63 (sym-26)
P64 (sym-28),
P88 (sym-29)

P6, P53, P54,
P55, P56

P57
P59 (sym-23)
P60 (sym-24)

P62
myc-(1)

myc-(2)

Rondo (EMS)

Nod3
K5

K24

Semi-dominant, nodulation

non-nodulation and resistance to Mycorrhizal
infection, Ch. 1

Mutation at single recessive gene brz, has

pleiotropic effects, along with low nodulation,

partly restored by treatment with ethylene
inhibitors

Pleiotropic mutant with few nodules due to
low rate of nodule meristem emergence

Seven nodulating, non-fixing mutants
Nodule development normal followed
by premature senescence

Supernodulating, eight nitrate tolerant
nodulation (Nod++Nts) mutants were
identified, mr, genes

Non-nodulating, root hairs resistant to
infection

Low nodulating, root hair infection normal
but early nodule development affected
Early arrest of nodule development

Developmentally defective root hairs
Mycorrhiza-resistant, VAM is blocked
immediately after formation of apprasoria,
mr, associated with nod, probably a common
mechanism

Intracellular hyphal development of VAM
but no arbuscule formation

Super nodulating, changed root and shoot
morphology

Nodulation resistant, non-strain specific,
infection thread formation

Nodulation resistant, only curling of root hair
is observed

Ramonskii 77 and K551 (EMS and NEU)

K301 (nod4)
K287 (fix1)
K1005m (sym)

Supernodulating, nts nodules

Normal nodulation, white, ineffective nodules

Non-nodulating
All three are mr, non allelic

Caetano-Anolles and Gresshoff [16]

Guniel and LaRue [49; 50]

Markwei and LaRue [77]

Sagan et al. [114; 116]
Sagan et al. [115]
Sagan and Duc [112]

Sagan and Gresshoff [113]

Sagan et al. [115]

Dumas-Gaudot ef al. [35]

Gianinazzi-Pearson et al. [44]

Jacobsen [62]
Jacobsen and Feenstra [63]
Postma et al. [106]

Sidorova and Uzhintseva [126]
Sidorova et al. [122; 124; 125]
Sidorova and Shumny [123]



Sprint (EMS) Borisov et al. [10; 11]
Sherrier et al. [119]
Sprint 2 Nod-1 Inability to form nodules and associations

(sym-8) with vesicular-arbuscular mycorrhiza

Sprint 2 Nod-2

(sym-8)

Sprint 2 Fix’ Impaired symbiosome development, Ch. 3
(sym-31)

RBT E135f x Sprint-2 Fix-, abnormal symbiosomes,

(sym-13, sym-31) suppresses manifestation of sym-13
mutant allele.

SGE (EMS) Tsyganov et al. [137]
SGEFix’1 Numerous white and some pink nodules,
(sym40) hypertrophied infection thread, premature
degradation
SGEFix2 White nodules with dark pits, some pink nodules,
(sym33)- characterised by “locked” infection thread.

Finale (EMS, DES, ENU, Na Nj3)

Thirty-six non-nodulating and 24 mutants, Engvild [37]
with inefficient nodules

Twenty-one non-nodulating and 1 super Novak et al. [87; 88; 89; 90; 91]
nodulating

RisfixC Supernodulating, 5-6 times more nodules
effective, nitrate resistant nodulation

RisfixV Hypernodulating, on low nitrate level,

ineffective nodules, nodulation suppression
by nitrate, traces of nitrogenase activity

nodules, mr

RisfixO Ineffective nodulation, symbiotic tissue

(sym32) development arrested before formation of
late symbiotic zone (LSZ)

RisfixT Ineffective nodulation, loss of LSZ after full
differentiation

Double Obtained by crossing RisFixC x RisfixV

Mutants

mr: monogenic recessive



TABLE 8. NODULATION MUTANTS IN SOYBEAN

Parent cv/mutagen used Main characteristics Reference
mutant (genes)

Hypernodulating mutants

Bragg (EMS)

nts (nitrate tolerant symbiosis)
Super nodulating, NO3 tolerant. Caroll et al. [19; 21; 22]
15 independent nts mutants, all
allelic and inherited as

monogenic recessive, except Delves et al. [29]

nts 1116; nts 382, 183, 1007 Mathews et al. [80]
and 1116 studied extensively. Hansen and Akao [52]
Absence of nodule autoregulation. Leeetal [71]

Higher nodule number and biomass.
nts 382 and 1007 are allelic.

Not linked to non-nodulation
mutants described later.

Williams (EMS and NMU)

NODI-3 (rj;) 2 - 4 times nodule number, nodules Gremaud and Harper [46]
randomly distributed on both tap and Wu and Harper [144]
lateral roots. Allelic to en6500. Ohmaya et al. [93]

Pracht et al. [107]

NOD4 (rj7) Single recessive locus, densely packed Koornneef et al. [70]
nodules, predominantly distributed Vuong et al. [141]
along the entire length of the tap root. Bacananamwo and Harper [8]
NOD1-3 and NOD4 are allelic. Acott Schmidt et al. [4]

NOD2-4 (rjs)  Independent allele, Crosses between
NOD1-3 and NOD2-4 x NOD4, all
F, were normal nodulation, in F»
9 normal :7 hypernodulation was not
observed. Authors speculate that 7,
and rjg interact in an unknown manner.
NOD3-7 Like other NOD mutants but no
genetic analysis

(All NOD mutants were selected under zero N conditions, but also show partial tolerance to NOs.
They are similar to the nts mutants obtained in cv. Bragg)



Enrei (EMS)
En6500 (777) Super nodulating, 6 fold increase,
larger number of nodules, with
higher nodule dry wt. in presence
of NO3, single recessive gene

allelic to nts382

Elgin 87 (EMS 0.04 M for 12h)

E300, E 420, E592 Super nodulating, allelic, recessive
6 -10 x increase in nodule number

E391 Characters as above, but a second
allele

Sinpaldalkong 2 (EMS 30mM)

SS-2 Super-nodulation at early stages
than nts1007 and nts1116, more
nodule mass, higher C2H2 activity

Ineffective nodulation mutants

Ry, Monogenic dominant
Rj3 Monogenic dominant
Rj4 Monogenic dominant
Rjs Monogenic dominant

Non-nodulating mutants

i A non-nodulating spontaneous
mutant monogenic recessive,
blockage at the stage of root
hair curling

Williams (NMU)
NNS (775, 1js) Does not form nodules in the field
Does not form nodules when
inoculated with Bradyrhizobium
Jjaponicum, recessive, non allelic
to rj1, allelic to nod139, a non

nodulating mutant of Bragg.

Bragg (EMS, gamma rays)

No nodulation after inoculation
monogenic recessive inheritance in
crosses with Bragg.

Epistatically supress supernodula-
tion in crosses with nts mutants.
Shows few centres of sub-epidermal
cell division after inoculation, but
devoid of inocluation thread.

nod49 (rj;)
nod772 (rj;)

Akao and Kouchi [5]
Kokubun and Akao [69]
Takahashi et al. [136]
Vuong et al. [141]

Buzzell et al. [15]
Buttery and Buzzell [14]

Hong Suk et al. [60]
Hong Suk and Suk Ha [58]
Hong Suk et al. [59]

Caldwell [17]

Caldwell et al. [18]
Vest [139]

Vest and Caldwell [140]
Devine [31]

Williams and Lynch [143]
Suganuma et al. [133]

Pracht et al. [107]
Mathews et al. [79]

Caroll et al. [22]
Mathews et al. [79]
Mathews et al. [81]



nod139 (vjs,rjs) Non allelic to nod49 and nod772
Devoid of infection thread and no
subepidermal cell divisions after
inoculation.

See also Caetano-Anolles and Gresshoff [16]

It is estimated that 40 genes are responsible for nodulation in soybean [110]. nts mutants from
Bragg, NOD mutants from Williams, and En6500 mutant from Enri revealed that all mutants
expressed similar levels of increased nodulation when grown under identical conditions [40]. All
mutants have been designated as hypernodulating by Vuong et al. [141]. No spontaneous
hypernodulating mutants have been reported.



TABLE 9. NODULATION MUTANTS IN OTHER GRAIN LEGUMES

Parent cultivar/mutagen Main characteristics Reference
used mutant (genes)

CHICKPEA (Cicer arietinum)

P502(ICC 640) gamma rays

PM 233 (rn;) Nod-, mr Davis et al. [24; 26; 27]
root nodule
PM 665 (rny) Nod-, mr Davis [25]
PM 679 (rn3) Nod-, mr, linked to simple leaves (slv)
PM405 (rny) Nod + fix -, mr, small white nodules
PM796 (rns) Nod +, fix -, mr, green nodules with
narrow band of leghemoglobin
ICC 640
PM 233B Nod-, blockage of Rhizobium infection Mathew and Davis [78]

process subsequent to root hair absorption

but prior to formation of infection thread

and root cortical cell division
The following are spontaneous mutants, identified in frequencies ranging between 120-490 per
million plants.

ICC 435
ICC 435M (rny) Nod-, mr, non allelic to PM 233, does Rupela [111]
not show N deficiency symptoms when Singh et al. [129]
grown in field
ICC4918
ICC4918M Nod-
ICC4993
ICC4993M Nod-
ICC5003
ICC 5003M Nod-
Rabat
Rabat NN (7ng) Nod-, mr Singh and Rupela [128]
Annigeri
Annigeri NN Nod-, mr Singh and Rupela [128]
P319-1NN Nod-, mr, allelic to Annigeri NN,
different gene for Nod- trait than that
of RabbatNN and PM233

GROUNDNUT (Arachis hypogaea)

All spontaneous mutants, or selected in the progenies of crosses between different normal
nodulating genotypes.
F3 progenies of cross 487A-4-1-2 x P1 262090

Nod-, more than one gene Gorbet and Burton [45]



ICGL1

(Mutants selected in the F, generation of crosses involving ICGL1)

ICGL1

(GP-50, P1 544348)
(GP-51, P1 544349)
ICGL3

(GP-52, P1 544350)
ICGL4

(GP-53, PI, 544351)
ICGLS

(GP-54, P, 544352)
PI 109839

Georgia Non-Nod

Nod-, duplicate genes

Nod-
Nod-
Nod-

Trigenic

(Selected as a segregant in Fs of a double cross)

(GS-6, P 595385)

Nod-, allelic to six diverse Nod-
types from Georgia, Florida and
ICRISAT, duplicate recessive.

COWPEA (Vigna ungiculata)

Iron & Clay varietal mix

IC-1 (¢pi)

JRW3-SmD

Fix-, ineffective nodulation, small
size,no nitrogenase activity, mr,
nodule anatomy similar to wild type,
reduced size of the infected cells,
number of bacteroids reduced,
premature scenescence

40-80% suppression of nodule
formation depending upon strain and
time of inoculation

FABA BEAN (Vicia faba)

Feverole Ascott

Feverole 13 (sym-1)

140
140 (Sym-2)

125
125 (sym-3)

Cultivar ? (EMS)
f13 (sym-1)
73 (sym-2)

Fix-, ineffective nodulation, no
acetylene reduction activity, effects
either release of infective thread or
differentiation of bacteria into
bacteroids

Nod-, monogenic dominant

Nod-, mr

Nod+/Fix-, mr

Nigam et al. [84; 85; 86]

Dutta and Reddy [36]

Branch [12]

Pemberton et al. [103]
Purdom and Trese [109]

Singh and Ahmad [127]

Haser et al. [54]

Esser-Monning et al. [38]

Duc [34]



245 (sym-3)
48 (sym-4)
32 (sym-5)

Nod-, mr

Nod+ +, nts, 3-5 times more
nodules than control, in absence of
combined nitrogen and nitrate
tolerant nodulation, mr

COMMON BEAN (Phaseolus vulgaris)

RIZ30 (EMS)
NOD238 (sym-2)

NODI125 (sym-1)
RIZ36 (EMS)
NOD109

R69 (nie)

R99 (nnd-2)

OAC Rico (EMS)
R699 (nie)
R99 (nnd-2)

R32
(GP-88, PI 536541)

(nts)

Swan Valley (EMS)
SV145

Fix -, ineffective nodulation,
small nodules
Nod-.

Fix -, late formation of pink
nodules,low AR activity,

poor pod fertility

Ineffective nodulation, mr epistatic
to nts, non allelic to sym-2.
Non-nodulation, mr. epistatic to nts
and nie

nod+/fix-, Myc-small, white nodules

nod-, NN, Myc+

Nitrate tolerant super nodulation (NTSN),
mr, delayed maturity, and slightly lower

yield

NTSN, mr

PIGEONPEA (Cajanus cajan)

Non-nodulating with native root nodulating bacteria (RNB)
Low nodulating at low N
High nodulating at low N

Pedalino and Kipe-Nolt [101]
Pedalino et al. [102]
Park and Buttery [94; 99]

Pedalino and Kipe-Nolt [101]
Pedalino et al. [102]

Park and Buttery [99]
Pedalino ef al. [100]

Park and Buttery [94; 95;
97; 98]

Shritliffe et al. [121]
Shritliffe and Vessey [120]

Park and Buttery [96; 98]

Wani et al. [142]

AR: acetylene reduction; NN: non-nodulating; NTSN: nitrate tolerant super nodulation;
mr: monogenic recessive
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