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Abstract

The use of induced mutations techniques in crop plants at the Institute of Genetics
“Ewald A. Favret” (IGEAF) INTA, started in 1949, with the pioneer work of Ewald Favret,
who studied the effects of physical and chemical mutagens on barley (Hordeum vulgare)
and wheat (Triticum aestivum). IGEAF contributed with several novel results about the
effects of important chemical mutagens such as ethyl methane sulfonate (EMS) and
sodium azide, and their interactions with X-rays, on barley and wheat. During several
decades, a good deal of the research was directed to study the relationship between
the different effects of mutagenic treatments on the M' and subsequent generations,
and its implications for efficient selection of induced mutants. Many original barley and
wheat mutants have been isolated at IGEAF, which early on contributed to elucidate
the genetic basis of characters like the hormonal control of growth, the grain protein
content and diseases reactions. Besides, several other novel mutants were isolated
and characterized including genetically unstable mutants, which are able to originate
new heritable variability. One of these mutants is the barley chloroplast mutator (cpm)
from which some interesting mutants have been isolated. Moreover, a high throughput
strategy for the screening of plastome mutants originated by the cpom was developed
(cpTILLING) that allowed the detection of 61 different mutational events, showing the
¢pm as an extraordinary source of plastome mutants. Furthermore, a mutant allele of
the ahas (acetolactate synthase) gene in wheat conferring imidazolinones herbicides
tolerance, was isolated. The incorporation of this allele to other genetic backgrounds
showed increased levels of tolerance, which in one family were observed in association
with increased Fusarium tolerance. In addition to the work done in barley and wheat,
interactions with several breeding programs in other crops were carried out. Finally, some
commercial achievements of INTA obtained by using induced mutations techniques
are briefly described; being the most important the case of the INTA rice (Oryza sativa)
breeding program for developing imidazolinones tolerant commercial varieties that in
recent years covered 70% of the irrigated rice area in Latin America.

12


mailto:landau.alejandra@inta.gob.ar

Keywords: Barley mutant, Cotton mutant, Herbicide tolerance, Induced mutations,
Mutator genes, Rice mutant, Wheat mutant.

Resumen

El uso de técnicas de mutaciones inducidas en plantas en el Instituto de Genética
"Ewald A. Favret” (IGEAF) INTA, se inicid en 1949, con el trabajo pionero de Ewald
Favret, quien estudid los efectos de mutdgenos fisicos y quimicos en cebada (Hordeum
vulgare) y trigo (Triticum aestivum). El IGEAF contribuyd con varios resultados novedosos
sobre los efectos de importantes mutdgenos quimicos como el metanosulfonato
de etilo (EMS) y la azida soddica, y sus interacciones con los rayos X, en la cebada y el
trigo. Durante varias décadas, gran parte de la investigacion se dirigi¢ a estudiar la
relacion entre los diferentes efectos de los tratamientos mutagénicos en la M, vy las
generaciones posteriores, y sus implicaciones para la seleccién eficiente de mutantes
inducidos. En el IGEAF se han aislado muchos mutantes originales de cebada vy trigo,
que desde el principio contribuyeron a interpretar la base genética de caracteres,
como el control hormonal del crecimiento, el contenido de protefna del grano y las
reacciones a enfermedades. Ademas, se aislaron y caracterizaron varios otros mutantes
nuevos, incluidos mutantes genéticamente inestables, que son capaces de originar una
nueva variabilidad heredable. Uno de estos mutantes es el mutador de cloroplastos
de la cebada (cpm) del que se han aislado algunos mutantes interesantes. Ademads,
se desarrolld una estrategia de alto rendimiento para la busqueda de mutantes de
cloroplasto originados por com (cpTILLING) que permitio la deteccion de 61 eventos
mutacionales diferentes, mostrando a com como una fuente extraordinaria de mutantes
de cloroplasto. Ademas, se aisld un alelo mutante del gen ahas (acetolactato sintasa)
en trigo que confiere tolerancia a herbicidas imidazolinonas. La incorporaciéon de este
alelo a otros acervos genéticos, mostré mayores niveles de tolerancia, que en una
familia se observaron en asociaciéon con una mayor tolerancia a Fusarium. Ademas del
trabajo realizado en cebada y trigo, se realizaron interacciones con varios programas de
mejoramiento en otros cultivos. Finalmente, se describen brevemente algunos logros
comerciales de INTA obtenidos mediante el uso de técnicas de mutaciones inducidas;
siendo el caso mas importante el del programa de mejoramiento del arroz INTA (Oryza
sativa) para el desarrollo de variedades comerciales tolerantes a imidazolinonas, que en
los ultimos afos cubriod el 70% de la superficie arrocera irrigada en América Latina.

Palabras clave: Genes mutadores, Mutante de algodon, Mutante de arroz, Mutante de
cebada, Mutaciones inducidas, Mutante de trigo, Tolerancia a herbicidas.

INTRODUCTION

Spontaneous mutations, have facilitated the domestication of several crops, such as, the
abolishment of bitterness and toxicity in almonds, and the loss of natural seed dispersal
mechanism in peas, barley, wheat, etc. [1]. The concept of mutations in living organisms
was established at the beginnings of the last century by Hugo de Vries to designate drastic
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inheritable changes occasionally occurring in nature. Interestingly, back then de Vries
proposed that the rate of spontaneous mutations could be artificially augmented and even
be useful in breeding. Indeed, in the 20s, Stadler proved the genetic effects of ionizing
radiations on several cultivated plants (barley, maize, wheat and oat) and developed the
basis of the experimental mutagenesis in plants. The first commercial success came in 1936
with the release of the first cultivar obtained by using X-rays treatments on tobacco [2, 3, 4].

Since then, these techniques have been used for plant breeding and basic research in
many crops either with chemical or physical mutagens. Nowadays, there are more than
3,200 mutant cultivars officially released in more than 220 crops worldwide (https://mvd.
iaea.org/). In this review, we summarize the most important achievements regarding
induced mutants in different crops obtained within the Institute of Genetics and in
collaboration with other breeding programs of INTA.

INDUCED MUTATIONS BACKGROUND AT INSTITUTE OF GENETICS
“EWALD A. FAVRET” (IGEAF)

Investigations about induced mutations techniques in crop plants at IGEAF started as
early as 1949 by Ewald A. Favret. The institute played a pioneer work in Latin America,
contributing with several novel results about the effects of important chemical
mutagens such as ethyl methane sulfonate (EMS) and sodium azide and their
interactions with X-rays on barley and wheat [5, 6, 7, 8, 9, 10]. During several decades,
a good deal of investigations was focused on the study of the relationship between
the different effects of mutagenic treatments on the M, and subsequent generations,
and its implications for an efficient selection of induced mutants [3, 4, 11]. From a huge
amount of mutagenic treatments many original barley and wheat mutants have been
isolated at IGEAF that early on contributed to elucidate the genetic basis of characters
like the hormonal control of growth [12], the grain protein content [13], and diseases
reactions [6, 14, 15]. In the last decades, several other novel mutants were isolated at
IGEAF, which are still under investigation. Some of them are described below.

MUTANTS OF SCIENTIFICAND OR BREEDING INTEREST
1) DNI (Diverse Number of Internodes) barley mutant

This mutant was isolated after combined treatments of X-rays and sodium azide and
it is characterized by showing an extremely high variation in internode numbers
among plants and also among different tillers of the same plant, thus it was named
DNI.When DNI plants were grown at the field nursery the proportions between normal
and multinoded tillers depended on the sowing date. Interestingly, under diverse
environmental conditions, the mutant showed several other abnormalities such as,
multibranched culms and stolonifer habit, hair like organs emerging from the coleopitile,
tillers notably retarding leaf senescence and spikes showing vegetative sectors together
with normal ones (see Fig. 1). The gene responsible for DNI phenotype is not known
yet; it is hypothesized that it is involved in a very basic mechanism in charge of the
establishment and maintenance of meristem identity [16].
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FIGURE 1. DNI barley mutant. A. Plant harvested at the field nursery showing normal tillers carrying mature
spikes (yellow arrow) together with multinoded ones (red arrow) carrying vegetative tops with notably retarded
leaves senescence. B: DNI (left) and a wild type barley plant (right) grown at greenhouse during winter (short
days) and room temperature. DNI mutant shows multibranched culms and stolonifer habit. C. DNI spikes showing
vegetative sectors together with normal spikelets, some of them can give normal seeds with germination ability.
D. Top with intermediate characteristics between spikelets and leaves. E. Stolonifer habit in a tiller of DNI plant. F.
Hair like organ emerging from the coleoptile of a DNI seedling.

2) Barley mutant with roots lacking tropic response to submergence

This mutant was identified when grown in hydroponics [17] by the sandwich method
[18]. In those particular conditions, mutant roots did not show the growth pattern with
windings and turnings usually observed in wild type barley roots before they submerged
(Fig. 2). It was determined that this root behavior is controlled by a semi-dominant
nuclear gene [17] and that ethylene produced by mutant roots was significantly lower
compared to that of wild type roots when grown in the sandwich method [17, 19]. On
the other hand, when grown in humid chambers, where roots grew freely without any
physical contact, wild type and mutant roots were morphologically similar and they also
had a similar ethylene production [19].
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FIGURE 2. Barley mutant with roots lacking tropic response to submergence. A. Wild type seedlings with roots showing
the typical pattern with windings and turnings usually observed when grown in hydroponics by the sandwich method.
B. Mutant seedlings lacking tropic response to submergence. C. F, seedlings showing an intermediate root phenotype.

3) The barley chloroplast mutator mutant (¢pm)

The mutator genotype cpm was detected in a family at the M, generation coming from
a combined treatment of X-rays and sodium azide applied on barley seeds. The breeding
behavior of the com was first described by Prina [20, 21] based on the frequencies of
chlorophyll deficiencies, mostly clonally-variegated, observed in seedlings coming from
crosses and backcrosses of the com with the wild type parental genotype. The com
originated a wide spectrum of cytoplasmically-inherited chlorophyll deficiencies (Fig. 3).
When a cpm plant s crossed as a father with a wild type plant, as plastids are 100% inherited
through the ovule in barley, F, plants are supposed to carry only wild type plastids. As it
was expected, F, plants did not show any chlorophyll deficiencies as evidences of genetic
instability. However, chlorophyll deficient narrow streaks appeared in a few seedlings of
the F, generation, and the frequencies of clonally-variegated seedlings increased in the
subsequent generations of natural self-pollination [20]. On the other hand, when a
plastome mutant is wanted to be genetically stable, the action of the ¢cpm can be stopped
using wild type pollen to pollinate the selected plastome mutant and then, in F, and
subsequent generations, selecting plants and families showing solid mutant phenotypes
of the selected plastome mutant. The genetically stable plastome mutants achieved in this
way were called cytoplasmic lines (CLs), three of which are described below.

Albo-viridis Virido-albina Highly revertant albina

FIGURE 3. The chloroplast mutator mutant (¢pm). Some of the chlorophyll deficient phenotypes isolated from com
plants: A) Virido-xantha seedlings on the left and albino stripped seedlings on the right. B) Viridis seedlings. C) Trans-
versal banded seedlings. D) Albo-viridis seedlings. E) Virido-albino seedlings. F) Highly revertant albino seedlings.
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3.1) (L2 mutant

CL2 shows an albo viridis phenotype (Fig. 4), explained as a consequence of a delay in
plastid protein synthesis during embryogenesis [22]. The infA gene, which encodes IF1
protein (translation initiation factor 1), was proposed as a candidate gene responsible
for CL2 phenotype. When it was sequenced, a missense mutation (T 157 C) was found
corresponding to a Ser 52 Pro change in the protein. Other two plastome mutants,
showing a similar phenotype to CL2 and independently originated from the original CL2
were isolated (CL2-like 1 and -2). Interestingly, CL2-like 1 also carried a mutation in the infA
gene, a T 97 C transition corresponding to a Phe 32 Leu change in the protein [23], while
CL2-like 2 presented another different change at the DNA level (A 185 G), corresponding
to a change of Asp 61 Gly at IF1 protein. In another experiment, plants of the original
genetically stable CL2 mutant were pollinated with com pollen, looking for reestablishing
the ¢cpm mutation effect on CL2 mutant plastids, which was assumed could be assessed
through observing reversions to the wild type color of the CL2 phenotype. One seedling
carrying a darker green stripe in the first leaf on a CL2 mutant phenotype background
was found and when the infA gene was sequenced, the original CL2 mutation was found
plus another missense transition (A 178 G/Met 59 Val) that was interpreted as having
a compensation effect on the phenotypic expression of the original CL2 mutant allele
[24]. All the above-mentioned results strongly support the relationship between the CL2
phenotype and mutations in the infA gene. Itis also worth mentioning that these mutants
were the first infA gene mutants described in higher plants.

Mutant DNA change Amino acid change
CL2 T157C Ser 52 Pro
CL2-like 1 T97C Phe 32 Leu
CL2-like 2 A185G Asp 61 Gly
Double mutant with U 1‘? < = 5+2 GO
compensatory effect A178G Met 59 Val

FIGURE 4. (L2 mutant. A. On the left, wild type barley, on the right the CL2 mutant showing the albo viridis
phenotype. B. (L2 seedling showing a phenotypic reversion when carrying the ¢pm. C. Table showing other infA
gene polymorphisms isolated by direct selection of CL2 phenotype reversions independently originated from the
(L2 original mutant.
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3.2) CL3 mutant

CL3 seedlings were characterized by a homogeneous light green (viridis) phenotype
that expressed differentially depending on the temperature (Fig. 5). After several
physiological and biochemical analyses, it was concluded that the photosystem | (PSI)
was affected but, none of the plastid PSI proteins were altered. However, when ycf3 and
ycf4 plastid genes, encoding two chaperones involved in PSI assembly, were sequenced,
two mutations were found in intron 1 of ycf3 gene, which affected splicing of this intron
at high temperature, and the chaperone encoded by ycf3 was missing. It was concluded
that the lack of YCF3 protein during the assembly of PSI at high temperature is the cause
of CL3 phenotype [25].

- (318°C  (1332°C

Wt as

FIGURE 5. (L3 mutant. A. On the left wild type seedlings, on the right, CL3 seedlings growing at 32°C. B.
RT-PQR of ycf3 transcripts at normal and high temperature. C. scheme representing the different transcripts ob-
served in the RT-PCR for (L3 seedlings grown at higher (H) or at low (L) temperatures. The red crosses symbolize

the point mutations found in intron 1 (I1) of CL3 that avoid the splicing of 11 under higher temperatures.

E: exon, I: intron.

3.3) psbA gene mutant

This mutant was isolated by treating a population carrying the com genotype with
atrazine, an herbicide toxic for photosystem Il (PSII). It was determined that this tolerant
mutant carried a mutation in the psbA gene, as it was previously observed to confer
atrazine tolerance in several other plant species [26]. The psbA gene encodes D1 protein
and atrazine binds to the wild type version of this protein blocking photosynthesis.
In field trials this mutant was observed not affected by 8X the recommended dose of
atrazine constituting a promising experimental material for developing atrazine tolerant
varieties (Fig. 6).
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FIGURE 6. psbA gene mutant. A. Wild type plants without atrazine. B. Wild type plants with 8X atrazine. C. psbA
mutant with 8X atrazine.

3.4) cpTILLING (Targeting Induced Local Lesions in Genomes): a high throughput screening
strategy for isolation of plastome mutants originated by com

The mutants described above were isolated by direct selection based on the phenotype,
however, a TILLING strategy was adapted to the chloroplast genome for isolating
plastome mutants in cpm populations. TILLING is a reverse genetics high throughput
strategy that is very successful for screening nuclear gene mutants of interest in a
mutagenized population [27, 28]. For cpTILLING, 31 PCR amplicons were designed
comprising 33 genes to analyze 304 cpm seedlings that carried the cpom during different
number of generations. At least 61 different mutational events were detected; most
of them were transitions and mono nucleotide indels [29]. This strategy also allowed
the discovery of a high frequency of seedlings carrying different combinations of
five polymorphisms, which already exist in nature, between the rpl23 gene and its
pseudogene, which are postulated to originate in an increased rate of illegitimate
recombination between these two loci [30]. All the results suggest that the failure of
the com gene corresponds to a malfunction of a mismatch repair (MMR) gene involved
in maintaining the stability of the plastome and that the ¢cpm mutant constitutes an
exceptional experimental material to obtain genetic variability in the otherwise highly
conserved plastid genome. Cytoplasmic genomes, i.e. those residing in the chloroplast
and the mitochondrion, are ruled out by modes of inheritance different than those
of the nuclear genome, consequently, the appropriated methodologies for mutation
induction and mutants isolation need to be adapted to those circumstances [31].

4) Two cotton (Gossypium hirsutum) mutants of agronomic interest.

In a joint work with the INTA cotton breeding program, located in EEA INTA Séenz Pefa
(Chaco Province), a mutant tolerant to imidazolinones was isolated in the M, generation
after a sodium azide mutagenic treatment. Selection was made by applying a solution
of imazapir+imazamox (Clearsol Plus BASF). The tolerance was confirmed in subsequent
generations indicating it was given by a nuclear gene with semi-dominant expression. The
herbicide tolerance was observed to be better expressed after pre-emergency applications,
indicating that this mutant would be especially useful in this condition [32]. It was recently
determined that the imidazolinone tolerant mutant carries a point mutation in the AHAS
gene. Another interesting cotton mutant with pyramidal morphology was isolated after a
sodium azide mutagenic treatment. Selection was made on M, plants grown in glasshouse
conditions and later on confirmed in subsequent generations grown at field conditions.
The pyramidal morphology is proposed as very useful for narrow furrow harvest (Fig. 7) [33].
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FIGURE 7. Cotton mutant with pyramidal morphology. Cotton plants grown at the greenhouse: A. Wild type.
B. Pyramidal mutant showing a much shorter peduncle. C. Schemes of cotton plants after growing in the field
nursery: Wild type (left) and pyramidal mutant (right). D. Two mutant plants (left) and a wild type plant (right).

5) A wheat (Triticum aestivum) mutant tolerant to imidazolinones

The search for tolerance to imidazolinone herbicides in wheat was started to cover
the need for the development of wheat cultivars tolerant to herbicides with good
graminicide characteristics to be used in the South East of Buenos Aires Province. A

20
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mutant with tolerance to imidazolinones was isolated from approximately 200,000
M, seeds of Prointa Elite cv. germinated in a solution of the herbicide. It is well known
in bread wheat that carrying ahas mutant alleles in only one of the three genomes,
even though it is being used in some commercial cultivars, it gives a somewhat
weak level of tolerance. Therefore, most of the imidazolinone tolerant bread wheat
commercial varieties carry ahas mutant alleles in two of the three genomes, however,
this is associated with a higher fitness cost for the plant. Through cross breeding and
backcrosses with several commercial varieties, and selection for increased tolerance to
imidazolinones, the tolerance level was increased and moreover, the yield and vigor in
three of these families were also increased. Besides, in one of these genetic backgrounds
yellow rust and Fusarium tolerance were improved, while in other it was observed a
better behavior under high temperature conditions (Fig. 8).

FIGURE 8. A wheat mutant tolerant to imidazolinones. The mutant and wild type plants were treated with 2X the
recommended dose of imazapir solution.

INTA COMMERCIAL ACHIEVEMENTS BY MUTATION BREEDING

The first commercial achievement was obtained in peanut, the mutant variety was
named Colorado Irradiado and it came from X-rays irradiated seeds, in a joint work
between the IGEAF and EEA INTA Manfredi (Cérdoba Province). This mutant was
released in 1972 and was characterized for having a high yield and a higher number
of fruits. Besides, it was resistant to Cercospora Spp and had a higher oil content. In the
1970s, more than 80% of the peanut cultivated area in Argentina (280,000 ha) was
occupied by Colorado Irradiado mutant [34] (https://mvd.iaea.org/#!Variety/144).
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Other commercial achievements were the lemon (Citrus limon) cv Eureka 22 INTA,
released in 1987, which had a higher fruit set, and the orange (Citrus sinensis) cv
Valencia 2 INTA. These mutants were obtained in a joint work between IGEAF and EEA
INTA Bella Vista (Corrientes Province).

The biggest commercial success was obtained with the rice mutant Puitd-INTA-CL, which
was released in Argentina in 2005. This mutant, which is tolerant to imidazolinones, was
obtained in a joint work of the INTA rice breeding program led by Dr. Alberto Livore and
located in INTA Concepcion, Uruguay (Entre Rios Province) and IGEAF. Imidazolinones
are commonly used herbicides that control a wide spectrum of weeds including the
red rice, the most important weed constrain for cultivating rice. After a sodium azide
treatment on seeds of three cultivars ie. El Paso 144, IRGA 417 and Don Juan, and
selection in M, on around six million plants with a mix of imidazolinones, five different
alleles of the ahas (acetolactate synthase) gene were isolated and two of them were
patented [35, 36]. Three of these mutations were not known in rice. The allele iminta
4 (Ala 122 Thr) was used to obtain the first imidazolinone tolerant variety in Argentina.
This generated a commercial agreement with BASF company under the Clear Field
technology. Afterwards, three more high yield and quality varieties were released in
Argentina, i.e. Guri INTA CL in 2011, Nu Poty INTA CL in 2013 and Memby Pora INTA
CL in 2017. Nowadays, the area sown with imidazolinone tolerant INTA rice varieties
in Argentina is around 40% (100 000 ha) and in Brazil, the main rice producer in Latin
America, rice varieties carrying the iminta 4 allele, covered more than 800,000 h per
year. Varieties carrying iminta 4 allele are also sown in Uruguay, Colombia, Chile, Costa
Rica, Panama, Dominican Republic, Nicaragua, and Honduras. During the 2016/2017
and 2017/2018 campaigns, these varieties covered approximately 70% of the irrigated
area in Latin America. In Europe, varieties carrying the iminta 4 allele were released in
Italy, Greece, Romania, and Portugal.
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