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Abstract

There are two basic approaches in genetic studies called «forward» and «reverse» genetics.
While the «forward» genetics studies the inheritance of traits (phenotype) in living organisms and
identifies genetic factors that influence the expression of these traits (working on the principle of
«from phenotype to genotype»), the «reverse» genetics reveals the function of gene by changing its
structure or activity with subsequent analysis of the associated changes in phenotype (the «from
genotype to phenotype» principle). With the development of large-scale genomic sequencing tech-
nologies the «reverse» genetics received substantial support, taking the leading position both in scien-
tific and applied fields. Basic principles underlying the novel method of «reverse» genetics called
TILLING (for Targeting Induced Local Lesions IN Genomes) are reviewed in this paper. TILLING
combines the classic mutation analysis with modern approaches to detecting the nucleotide substitu-
tions in a target locus in genome. The method is highly effective and is applicable to a wide range of
biological objects, thereby winning a world-wide recognition. The key stages of preparation for
TILLING analysis are described: obtaining of mutagenized population and development of TILL-
ING platform, which includes the organized collection of mutants and database with information
about the collection. The main approaches to the detection of point mutations currently used world-
wide, including new approaches based on NGS methods (Next Generation Sequencing), are pre-
sented. The technical requirements crucial for the successful conducting of TILLING-analysis, as
well as variations and modifications of existing techniques designed to solve various scientific tasks,
are highlighted. The results obtained using the TILLING method by the group of authors in their re-
search of specificity of partners recognition during the development of mutualistic symbiosis between
the garden pea (Pisum sativum L.) and nodule bacteria Rhizobium leguminosarum bv. viciae are also
presented. Authors were able to identify a number of mutants in pea receptor kinase gene LykX,
which is the most likely candidate for the determinant of plant’s increased selectivity toward bacterial
microsymbionts. Further study of obtained mutants will help to reveal the function of LykX and its
role in symbiosis between pea and nodule bacteria.

Keywords: plant genetics, «reverse» genetics, TILLING, detection of mutations, pea, «Af-
ghan» phenotype.

Modern genetics has entered a «post-genomics era» [1-3], when the in-
formation about genome structure became available for a wide range of biologi-
cal objects. Under these conditions, the identification of the biological function
of genes with known sequences is of particular importance. A technique of
TILLING based on a combination of features and approaches of «forward» and
«reverse» genetics is one of the most successful methods for solving this problem.

«Forward» and «reverse» genetics in plant studies. Ever
since the discovery of Gregor Mendel (1865) [4], classic, or «forward» genetics
has been studying the inheritance of traits (phenotype) in a number of genera-
tions of living organisms. With phenotype as a starting point, «forward» genetics
reveals genetic factors that influence the expression of traits. Thus, «forward» ge-



netics works on the principle of «from phenotype to genotype». One of the key
steps of the experimental application of this approach is provision of extensive
mutagenized populations for further research of the phenotypic changes of inter-
est. For decades, large collections of mutants were created for a plurality of
model plant objects, in particular for Arabidopsis thaliana (L.) Heynh., Medi-
cago truncatula Gaertn., Solanum Iycopersicum L., Zea mais L. et al., the
analysis of which identified a number of genes controlling plant development [5].

Since the 1980s, the knowledge accumulated within the previous period
(discovery of DNA as the carrier of genetic information, deciphering genetic
code, development of methods of sequencing and genome modification) [6]
opened a new approach involving the analysis of not phenotype and its genetic
control, but the very DNA sequence and the effects caused by its changes (mu-
tations). This concept was called «reverse» genetics [7, §].

The object of the «reverse» genetics study is usually a gene of unknown
function, detected by EST (Expressed Sequence Tag), complete genome or its
single site, etc. sequencing. The research strategy is to change the structure or
activity of such gene with subsequent analysis of the associated phenotype
changes. With the development of large-scale genomic sequencing technologies
the «reverse» genetics received substantial support, taking the leading position
both in scientific and applied fields. Currently there are several techniques of
targeted mutagenesis (using T-DNA, transposons/retrotransposon, RNA-silen-
cing CRISPR-Cas system) [9-16], but their use is usually limited to model
objects with small genomes, such as arabidopsis (A. thaliana), rice (Oryza sa-
tiva L.), and alfalfa (M. truncatula).
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General scheme of procedures for identifying plant mutants using TILLING method (Targeting In-
duced Local Lesions in Genomes): My-M3; — mutant generations (Mo — original mutagenized
population). DNA pool is the result of blending of DNA samples isolated from a number (5 to
10) of mutant plants. Please find details in the article text.

The TILLING (Targeting Induced Local Lesions in Genomes) method
was developed about 15 years ago as an alternative for targeted mutagenesis [17]
and is now gaining ground. It combines classical mutagenesis and precise detec-
tion of polymorphic sites within the known nucleotide sequence (Fig.). The
main advantage of TILLING «reverse» genetics approach is its applicability to
almost any plant object, regardless of the genome size, ploidy, and type of re-
production [17, 18]. TILLING is developing rapidly. Thus, better methods for



detecting nucleotide substitutions in mutagenized populations are developed,
and bioinformatic tools to process the results are created. Research centers that
provide TILLING platforms for fundamental and applied research arise. Along
with this, there appear specific modifications of the method, designed to address
a wide range of tasks, such as EcCoTILLING and De-TILLING which will be
discussed below.

TILLING method: development of TILLING platform.
Creation of a collection of mutant object of interest is an important initial step.
As a rule, preference is given to chemical mutagenesis proven in the classical ge-
netics studies. It provides high incidence of various point mutations distributed
in the genome randomly. Analysis of 192 A. thaliana genes after ethylmethane
sulfonate (ethylmethane sulphonate, EMS) treatment in a sample of 3,000 M,
plants demonstrated the frequency of nucleotide substitutions of approximately
10 per gene [19]. Each M, plant has the average of 720 mutations [18], while
insertional mutagenesis using Agrobacterium gives just about 1.5 T-DNA inser-
tions per one mutant line [20]. So, with chemical mutagens, much smaller
populations can be used, thus speeding up and simplifying research. Another sig-
nificant advantage of chemical mutagenesis is the possibility of its use to obtain a
wide range of mutations, including missense mutations (amino acid substitution
in the encoded protein), nonsense-mutations (early appearance of a stop codon,
causing the synthesis of a truncated protein) and damages of splice sites. This
makes it possible to create a number of different alleles of the gene of interest
(locus), including alleles with function acquisition and hypomorphic (causing a
weakened trait expression) alleles [9]. Finally, mutations caused by chemical
agents are stable in a number of successive generations, which is not always true
for alternative methods of mutagenesis [5, 21].

Among mutagens used in plant genetics, two agents of similar action,
EMS and N-nitroso-N-methylurea (1-methyl-1-nitrosourea, MNU), are the
most common ones. Both compounds cause alkylation of bases, especially gua-
nine (G), thereby breaking DNA strand complementary. Alkylated guanine in-
teracts not with cytosine (C) but with thymine (T), which causes a transition
when the G-C pair is replaced with A-T as a result of DNA replication [22].
Sodium azide with even higher frequency of mutation induction than in EMS
(i.e., an average of one mutation per 374 kb compared to one mutation per 1
Mb in EMS) was also used [23, 24]. However, the use of sodium azide is lim-
ited by the fact that this substance exhibits strong mutagenic properties only in
certain organisms, such as Escherichia coli, Saccharomyces cerevisiae, Hordeum
vulgare L., O. sativa [25].

Fast neutron bombardment resulting in a large number of deletions is
used for De-TILLING (Deletion TILLING) [26] instead of chemical mutagene-
sis. Using this approach, it is possible, in particular, to «knock» tandemly re-
peated genes which are widely represented in plants [27-29]. The De-TILLING
method is well suited for improving the quality of agricultural varieties, as it is
characterized by low frequency of background mutations [26].

Converting a collection of mutants into a platform for TILLING-ana-
lysis involves the preparation of M, generation plants, collection of DNA sam-
ples and seeds, and creation of a database. The ready-to-use TILLING platform
may, of course, be a resource used for the purposes of both «reverse» and «for-
ward» genetics (to identify mutants with phenotypes of interest).

Most existing TILLING platforms contain from 3 to 5 thousand sam-
ples, although in some cases this number may be up to 10 thousand [30]. Usu-
ally, to create a platform, M, and M3 plant phenotypes are described in de-



tail which makes it possible to pre-enriched the sample analyzed with the
specimens of desired properties. The study of the genes controlling nitrogen-
fixing symbiosis in a lotus Japanese Lotus japonicus (Regel.) K. Larsen con-
ducted by J.A. Perry et al. [31] in which preliminary selection of mutants
with damaged symbiotic nodule formation, is an example of the successful
use of this approach.

All information about the TILLING platform is entered in the database,
which is usually placed in the public domain on the Internet. The database is
based on the phenotypic description of the collection performed individually for
each mutant line at all stages of plant development. For convenience, this in-
formation is organized in hierarchical groups, and is additionally illustrated with
photographic materials in some cases. Some databases also contain information
on the currently analyzed genes and their mutations detected, but often this in-
formation is closed due to its commercial value.

Despite the fact that the analysis of mutants using TILLING method
can significantly simplify the study of gene function, preparing the platform for
its implementation is a long and laborious process. To date, some major research
centers provide access to TILLING platforms developed for widely studied plant
species: M. truncatula, L. japonicus, and Brassica rapa L. in John Innes Centre
(Great Britain) (RevGenUK) [32]; Pisum sativum L., S. lycopersicum, Capsi-
cum annum L., Cucumis sativus L., and Cucumis melo L. in the National In-
stitute for Agriculrural Research (INRA, France) (UTILLdb) [33]; O. sativa,
S. lycopersicum, and A. thaliana in the University of California(USA) [34];
Z. mays in Pudue University (USA); Glycine max (L.) Merr. in Southern Illi-
nois University (USA); Avena sativa L. in CropTailor AB (Switzerland) [35];
A. thaliana, Brassica oleracea L., and Brasica napus L. in the University of Brit-
ish Columbia (Canada) (CAN-TILL) (36]; H. vulgare in the Department of
agri-environmental Sciences and Technologies (DiSTA) of the University of Bo-
logna (Italy) (TILLMore) [23].

Methods for detecting mutations. TILLING analysis is based
on highly accurate detection of mutations within a particular area of interest.
Since the method introduction in 2000 [17], a number of approaches to this
problem were developed sequentially, each of the methods being less expensive
and more effective compared to previous ones. The initial stages of material
preparation (DNA isolation from plant mutants collection, combining DNA
pools of 8-10 samples and amplification of the target site using specially con-
structed DNA primers) are similar in all strategies (see. Fig.). Before the advent
of NGS technologies (see below), all detection methods were anyway based on
the principle of heteroduplex formation using double-stranded DNA melting and
subsequent annealing of heteroallelic fragments.

In the first described application of the method of TILLING [17],
denaturing high-performance liquid chromatography (DHPLC) was used to
identify mutants, which at that time was the most sensitive method for com-
paring amplified DNA fragments. DHPLC is an ion-pair reversed-phase liquid
chromatography on alkylated nonporous particles [37] and is able to separate
DNA homo- and heteroduplexes under partial denaturation. Despite its high
resolution, the procedure duration and the high cost limited the use of DHPLC
in large-scale studies. The first step to cost reduction and improvement of the
TILLING process automation was the replacement of DHPLC by cleavage of
heteroduplexes with specific endonucleases followed by products electrophoresis
in polyacrylamide gel and visualization using a highly sensitive gel assay system
of LI-COR [38]. For the above method, endonucleass specific for single-
stranded DNA, such as Aspergillus oryzae S1 nuclease, Penicillium citrinum P1



and Vigna radiata (L.) R. Wilczek mung bean seedling nuclease were used
[21]. The general disadvantage of all the above enzymes is the need to main-
tain an acidic pH (~ 5) for their optimal performance. At such pH values,
the DNA strand can unravel in AT-rich sites, which results in its non-specific
cleavage. Endonuclease CELI, isolated from celery (Apium graveolens L.)
[39], in contrast, demonstrates optimum performance at neutral pH, which
made it the most popular enzyme for TILLING analysis. Furthermore, crude
celery juice extract was shown to have not less enzymatic activity compared
to expensive purified CELI1 [40].

Alternatively to CEL1, ENDO-1 endonuclease of the S1 family found in
Arabidopsis may be used; ENDO-1 is capable of effective functioning at
pH = 7.5 and is of high specificity [41]. ENDO-1 has been used in TILLING
analysis in pea (P. sativum) [41, 42], tomato (S. Ilycopersicum) (43), and in
EcoTILLING (TILLING technique used in natural populations to study the
variability of specific loci) in A . thaliana [42].

Use of NGS technologies for TILLING. High performance
NGS (Next Generation Sequencing) methods allowing analyzing millions of
DNA sequences in a single experiment have been widely distributed in molecular
genetics within the last 10 years [44, 45]. Due to NGS, sequencing of full ge-
nomes in model and practically valuable organisms became possible. In TILL-
ING analysis, NGS is used as a fast and reliable method for detecting muta-
tions, not requiring any preliminary procedures in addition to the amplification
of the desired fragment.

Available modern NGS platforms include 454-FLX genome sequencer
and its smaller version GS Junior, operating according to the principle of py-
rosequencing (Roche Applied Science, Germany), HiSeq and HiSegX systems
based on the method of sequencing by synthesis (Illumina, Inc., USA), SOLiD
system (Applied Biosystems, USA), and others. Relatively high costs of equip-
ment and reagents, and the difficulties associated with data array processing
using bioinformatics methods remain the most serious obstacles in the im-
plementation of NGS technology. Nevertheless, NGS is gradually replacing
the outdated screening methods based on endonuclease splitting; NGS is cur-
rently used by such major scientific centers such as UC Davis Genome Center
at the University of California (USA) and the Unité de Recherche en Gé-
nomique Végétale (URGV) at the National Institute for Agricultural Research
(INRA, France).

Use of TILLING to study symbiotic specificity control
in peas. The advantages of TILLING were evaluated by the authors of this
review in the study of the control of specificity of pea (P. sativum L.) interac-
tion with endosymbiotic rhizobia Rhizobium leguminosarum bv. viciae. In leg-
umes (Fabaceae) which include pea, LysM-RLK proteins (LysM-receptor-like
kinase) are known to play an important role in the recognition of bacterial
symbionts [46-48]. Due to these proteins, plants can distinguish «their own»
symbionts among the pool of soil microorganisms, focusing on the specific struc-
ture of their signaling molecule, the Nod-factor (nodulation factor). In this case,
the receptor and the ligand operate on the «key-lock» principle, and bacteria
gain access to the host cell only if their molecular «key» fits.

The legume-Rhizobium interaction specificity limit is generally at the
species level. However, within pea species, a contrast group of genotypes with
increased selectivity for microsymbionts can be distinguished. For successful rec-
ognition of rhizobia by the representatives of this group, a special modification
of Nod-factor (double acetylation) is required, which is of no importance for all
other pea varieties. This trait first described over 80 years ago in plants originat-



ing from West Asia Minor was named the Afghan phenotype [49].

The gene determining the Afghan phenotype was named SymZ2 [50] and
mapped to pea genome linkage group I [51]. The nature, SymZ2 nucleotide se-
quence and its protein product function are still unknown. Based on the exis-
tence of Afghan phenotype the Sym?2 protein was suggested to be the Nod-factor
receptor having structural and, as a consequence, functional differences in Af-
ghan lines and in lines with normal symbiotic specificity (the so-called European
lines). The authors identified a candidate gene for the Sym?2 role, particularly a
previously unknown gene LysM-RLK, named LykX. To date, a number of Sym2
features have been shown in LykX, in particular its allelic states are strictly cor-
related to the manifestation of Afghan phenotype [52]. But to make a definitive
conclusion about the role of LykX, it was necessary to detect this gene mutants
and study their phenotype and allelic relationship with Afghan genetic lines.
This work was carried out using the TILLING platform provided by the De-
partment of studying plant genomics of the National Institute for Agricultural
Research (INRA, France).

The search for mutations was performed within four LykX fragments of
~ 400 bp. As a result of screening, 20 mutants families were identified, mutations
in eight families potentially results in the protein product dysfunction (according
to the in silico predictions, program SIFT) [53]. Currently, the test for allelism
between individuals carrying mutations in LykX and Afghan genetic lines is per-
formed, and the results of the test will prove or disprove the hypothesis of LykX
conformity with Sym?2.

Thus, in modern science, the study of biological processes is impossible
without the study of genes controlling these processes. Despite the advances in
molecular genetics and the emergence of high-precision methods of full genome
sequencing, the study of mutants is currently one of the major stages of genetic
research. The TILLING method combines the advantages of classical chemical
mutagenesis and modern approaches to the detection of mutations in a given re-
gion, opens up new horizons not only in fundamental biology but also in applied
biology, making it possible to discover new alleles of studied genes in any plant
species including economically important ones. One of the examples of success-
ful implementation of TILLING strategy is the identification by the authors of a
number of mutants of pea gene LykX, for which an important role in establish-
ing nitrogen-fixing symbiosis with rhizobia is assumed.

Despite the seeming simplicity of the method of TILLING, its use is as-
sociated with a number of difficulties. The most important step is to create a
collection of good quality mutants. In particular, it is necessary to balance be-
tween the high frequency of mutations and the survival of mutagenized plants.
M, generation should be sufficiently large to provide the possibility of finding
mutations in any gene of interest. Additional difficulties may arise from the spe-
cies that reproduce mainly vegetatively as well as from the species with a long
life cycle. Finally, an important role is played by the possibility of accurate de-
tection of mutations in any analyzed genome portion. One should also remem-
ber that some gene mutants cannot be obtained, since mutations in these genes
are lethal to the plant.

Thus, the growing interest of researchers, creation of new platforms and
development of modifications suggest that the method of TILLING (Targeting
Induced Local Lesions in Genomes) proposed about 15 years ago as an alterna-
tive to directed mutagenesis, has taken a firm place among the tools of modern
molecular biologists and genetics studying plant development, and the scope of
its use will be growing in the future.
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