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1  Introduction 
The groundnut（Arachis hypogaea L.）also known as 

peanut, is an allotetraploid species（2n＝4x＝40）, belongs 
to the genus Arachis, family Fabaceae1）. This highly de-
manded crop produced on 28.5 million ha with a total pro-
duction of 45.9 million tonnes2）and widely grown warm 
temperate and tropical areas between 40°N and 40°S lati-
tudes. Its seed is rich in oil（45–56％）, protein（22–30％）3）

and many beneficial nutrients such as minerals, folic acid, 
niacin and antioxidants4）. The cake after oil extraction is 
protein-rich meal for livestock and haulms are significant 
source of high-quality animal fodder5）. About 53％ of world 
production is crushed for vegetable oil, 32％ is used for 
confectionery consumption, and the remaining is used for 
animal feed and seed for production6）. The health benefits 
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of groundnut also reported about reducing risk of coronary 
heart disease7）and anticancer activity8）.

The groundnut oil includes oleic and linoleic acids ac-
counting for about 80％ of total fatty acids9, 10）. In the last 
decade, breeding studies on this crop have been focused 
on to increase oleic acid because it provides higher oxida-
tive stability to the oil than linoleic acid11）. In addition, the 
food products which contain high oleic groundnut is less 
prone to oxidation enabling longer shelf life. The positive 
contribution of high oleic groundnut to general health was 
reported by different researchers12－14）. In groundnut, the 
wild type homoeologous genes（ahFAD2A and ahFAD2B）
encode the delta-12-desaturase（oleoyl-PC desaturase）15, 16）

which catalyzes the conversion of oleic acid to linoleic with 
the addition of a second double bond into the hydrocarbon 
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chain of the former17）. The mutations in ahFAD2A and 
ahFAD2B cause to loss of function of oleoyl-PC desaturase 
activity which is responsible for high oleic acid content15, 18－20）. 
Thanks to functional mutations in these genes, the differ-
ent high oleic varieties were developed21－23）and later regis-
tered24－26）. 

The eliminating allergenic effect is other important 
breeding target in groundnut. Because this crop is in 
charge of the most food-related allergies related with fatal 
food-induced anaphylaxis27）. Among the allergenic proteins 
detected in groundnut, Ara h 1（vicilin）is composed of 
12-16％ of total seed protein28）and it is identified by serum 
IgE from ＞90％ of groundnut-sensitive patients29）. Two 
homologues of Ara h 1 have been identified as Ara h 1.01 
and Ara h 1.02 in tetraploid groundnut and different 
studies have been conducted to knock out of these genes 
for preventing the allergic potential of this crop30－32）.

Reverse genetics is a potentially important approach to 
identify novel mutations in gene of interest. TILLING, one 
of the reverse genetics methods, can be applied to any 
plant species, regardless of its genomic structure and 
ploidy level33）. This non-transgenic method does not 
require transformation compared to other reverse genetic 
methods such RNAi technology34）and T-DNA insertion mu-
tagenesis35）. TILLING aims to find nucleotide changes 
induced by chemical mutagenesis in target genes36, 37）which 
make it possible to modify the protein function. EMS（ethyl 
methane sulfonate）is widely preferred mutagen in this 
strategy because it induces single nucleotide alterations by 
alkylation of specific nucleotides causing wide spectrum 
mutations38, 39）. This can be silent, nonsense, missense and 
splicing mutations in gene coding regions40, 41）. TILLING 
was successfully applied to different plant species such as 
arabidopsis42）; oat40）; canola43）; soybean44－46）; rice47）; 
wheat48）; groundnut30, 31）; tomato49）, sunflower50）and 
tobacco51）showed that this method is an important alterna-
tive for functional analysis in plant species. From this per-
spective, we report to development of EMS induced 
groundnut mutant population and TILLING analysis in M2 
generation using four homologues genes（Ara h 1.01, Ara 
h 1.02, FAD2A and FAD2B）to discover point mutations.

2  Experimental Procedures
2.1  Plant material

The groundnut cultivar, NC-7（Virginia market type）, 
belongs to subsp. hypogaea var. hypogaea. It has good ag-
ronomic traits such as large pods, high yielding and shelling 
percentage52）. The seeds of this cultivar were obtained 
from the West Mediterranean Agricultural Research Insti-
tute of Turkey. Before the mutagen applications, the origi-
nal seeds were grown in two generations to ensure homo-
geneity. 

2.2  Mutagenesis
Approximately 3000 seeds were imbibed in tap water for 

10 hours. These seeds were then transferred to aqueous 
solution of mutagen. Two different concentrations of EMS, 
0.4％ and 1.2％, were used for TILLING. The 1500 seeds 
were soaked in 0.4％（v/v）EMS solution at the ratio of 75 
seeds/100 mL and shaken gently with 10 h at room temper-
ature. In the other application, remaining 1500 seeds were 
soaked with agitation（2.5 hours on shaker）in 2000 mL of 
distilled water containing 1.2％（v/v）EMS concentration. 
After these treatments, seeds were thoroughly washed 
with deionized water for three times and rinsed extensively 
in running water overnight. The EMS-treated seeds（M1）
were sown in the experimental field with an inter-row 
spacing of 70 cm and an intra-row spacing of 20 cm. M2 
seeds were collected from individual M1 plants and one pod 
from each M2 seeds was planted in greenhouse and later 
thinned to have a single plant per pot. M3 seeds from each 
M2 plant were packed and stored for further studies.

2.3  DNA isolation and pooling
Total DNA was isolated with a modified CTAB method53）

using leaf tissue from individual M2 plants. All genomic 
DNAs were quantified on a 1.0％ agarose gel using lambda 
DNA and normalized. The equivalent amounts of DNA from 
individual M2 plants were pooled four-fold in 96-well 
format. 

2.4  Primers and ampli�cation of studied genes
The homologues of Ara h and FAD2 genes were selected 

to conduct TILLING study. Primer sets for these genes（Ara 
h 1.01, Ara h 1.02, FAD2B and FAD2A）were previously 
designed by Chu et al.54）and Guo et al.31）. The product 
sizes and primers used for the amplification were listed in 
Table 1. 

The target regions for FAD2 genes were amplified on a 
Thermo Scientific Arktik Thermal Cycler（Vantaa, Finland）
using 96-well plates and carried out in a 20 μL volume con-
sisting 1.5 μL of 10X PCR buffer, 2.5 mM MgCl2, 0.2 mM 
dNTP mix, 0.4 μL each of forward and reverse primers, 5 
unit of Taq DNA polymerase（Thermo Fischer Scientific）, 
1.5 μL of genomic DNA template and Milli-Q water to make 
up the final volume. The thermocycling condition was 95℃ 
for five minutes for initial denaturing, followed by 30 cycles 
of 95℃ for 30 sec, 48℃ for 30 sec, 72℃ for one minute, 
one cycle of 72℃ for seven minutes and 4℃ hold for 
storage. The PCR protocol for amplification of Ara h 1.01 
and Ara h 1.02 genes was as follow: 1.3 μL of 10X PCR 
buffer, 2.5 mM MgCl2, 0.2 mM dNTP mix, 0.4 μL each of 
forward and reverse primers, 5 unit of Taq DNA poly-
merase（Thermo Fischer Scientific）, 1.5 μL of genomic 
DNA and 14.1 μL deionized water. PCR parameters: One 
cycle of 98℃ for 30 sec followed by 35 cycles of 98℃ for 
10 seconds, 58.7℃（Ara h 1.01）-59.6 ℃（Ara h 1.02）for 
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one minute, and 72℃ for 1.5 minutes. The last steps in the 
PCR was 72℃ for 10 minutes and held at 4℃. All amplified 
products in this study were separated on 2.5％ agarose 
gels. Heteroduplex formation was performed after PCR 
with the steps; denaturation at 95℃ for 3 minutes, fol-
lowed by 70 cycles of 70℃ for 20 sec decreasing by 0.3℃ 
per cycle with a final held at 8℃.

2.5  Mutation discovery by TILLING
TILLING process was conducted with use of mutation 

discovery kit（DNF-910-K1000T）（AATI, Ames, USA）which 
offers easy, high-throughput and profitable results for mu-
tational screening. In this protocol, the working solution of 
the dsDNA cleavage enzyme by diluting the enzyme with 
the T-Digest buffer in the ratio of 1:125 was prepared and 
only 2 μL of this working enzyme solution was added for 
each sample well after heteroduplex formation step. This 
was followed by incubation of 96-well plates at 45℃ for 45 
minutes and then 20 μL of the dilution buffer added to 
each well. These samples were analyzed in the Fragment 
AnalyzerTM which was automated capillary electrophoresis
（Fragment AnalyzerTM, Advanced Analytical Technologies 
GmbH, Heidelberg, Germany）. In this capillary system, so-
lutions for the mutation discovery kit（DNF-910-K1000T）
were used to visualize digested products ranging from 35 
to 5000 bp. Raw data were analyzed using PROSizeTM 
software（Version 1.2.1.1）（Advanced Analytical Technolo-
gies, AMES, IA, USA）. To confirm a potential mutant from 
the pool, individual genomic DNAs were used to PCR am-
plification with specific primers for the target gene. Before 
sequencing, PCR products were purified using the 
GeneJET Gel Extraction Kit（Thermo）according to the 
manufacturer’s instructions. The amplicons were se-
quenced by Macrogen（China）and sequence analysis was 
performed in MEGA software version 555）. The sequences 
having mutations were translated to protein sequence with 
the online source https://web.expasy.org/translate/. The 
online software SIFT（Sorting Intolerant from Tolerant）
（https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html）
was used to predict whether an amino acid substitution 
affects protein function56）. SIFT score was ranged from 0 to 
1 and the amino acid substitution is predicted damaging is 
the score is ≦0.05, and tolerated if the score is ＞0.05.

3  Results
3.1  Development of TILLING population

A large seeded cultivar, NC-7, was used for generating 
TILLING population. Two different EMS mutagenesis treat-
ments, 1.2％ for 2.5 h and 0.4％ for 10 h, were tested on 
3000 seeds in this study. The germination rates were calcu-
lated as 90.1％（1353 plants）for 0.4％ and 60.4％（906 
plants）for 1.2％ EMS concentrations in M1 generation. The 
lethality of the groundnut population was therefore about 
24.7％ under mutagen application. The common observed 
developmental deformation was related to cotyledon mor-
phology（Fig. 1）and altered phenotype was under 1％ in 
comparison with the wild-type. M2 seeds were harvested 
from individual M1 plants however 68.7％（930）and 67.4％
（611）of the M1 plants produced seeds in 0.4％ and 1.2％ 
EMS doses, respectively. Among all the fertile plants
（1541）, 384 seeds from each EMS mutagenesis treatments 
were advanced for M2 plants production in greenhouse and 
DNA was isolated from leaf tissues of those plants for PCR 
analysis.

3.2  Identi�cation of mutations
The single copy genes, Ara h 1.01, Ara h 1.02, FAD2B 

and FAD2A, were selected to identify mutations in 
TILLING study. The total amplified region length of these 
genes was about 5571 bp（Table 1）and each EMS-treated 
M2 plant was screened in that frame. After heteroduplex 
PCR and digestion with enzyme, Fragment AnalyzerTM de-
tected potential mutations in eight pooled wells of plates 
for four genes and these 32 individuals were sequenced
（data not shown）. Among them, two induced mutations 
were confirmed in FAD2B and FAD2A gene regions（Fig. 2）
from 1.2％ and 0.4％ EMS-treated populations, respective-
ly. DNA from M2 plant coded 339 contained a heterozygous 
SNP（T→A）（position 993 in the FAD2B gene sequence）
（Table S1）resulting in an amino acid change, Serine to 
Threonine, compared to wild type sequence（Table S2）. 
This substitution was predicted to be tolerated with a score 
of 0.28 according to SIFT analysis. Similarly, the other mu-
tation was heterozygous SNP（G→A）（position 861 in the 
FAD2A gene sequence）（Table S1）and causing amino acid 
change, Glycine（G）to Aspartic acid（D）（Table S2）in DNA 
from M2 plant coded 547. SIFT analysis showing this sub-
stitution from G to D was predicted to affect protein func-
tion with a score of 0.01. These identified point mutations 

Table 1　The primer pairs used to amplify target loci.

Genes
Product size 

(bp)
Forward 
primer

Sequence (5'-3')
Reverse 
Primer

Sequence (5'-3') Reference

ara h 1.01 1.865 1306 GAGCAATGAGAGGGAGGGTT 2079 TCTTCGTCTTCGTCCTCCTCTTCTT Guo et al. 
(2015)31)ara h 1.02 1.666 1306 GAGCAATGAGAGGGAGGGTT 1309 CCTCCTCTTCTTCCCACTCTTG

ah FAD2A 826 aF19 GATTACTGATTATTGACTT 1056R CCAACCCAAACCTTTCAGAG Chu et al. 
(2011)54)ah FAD2B 1.214 bF19 CAGAACCATTAGCTTTG R1/FAD CTCTGACTATGCATCAG
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indicated that nucleotide changes were one transversion
（T→A）and one transition（G→A）in our TILLING study. 
After heteroduplex formation, the dsDNA enzyme cleaved 
the fragments with mutations（Figs. 3 and 4）. The cleaved 
bands corresponding to the induced mutation were located 
about 470 bp and 900 bp of amplified products for FA2DB 
gene（Fig. 3）. The lengths of bands were 340 and 530 bp 
for the cleaved fragments formed by digestion in mutation 
point for amplified product of FAD2A gene（Fig. 4）. No 
mutations were detected in Ara h 1.01 and Ara h 1.02 for 
both EMS-treatments after sequencing. Mutation frequency 
was calculated as the total number of confirmed mutations 
divided by the total number of base pairs screened31）. The 
average mutation frequency was estimated to be one muta-
tion per 1566 kb for FAD genes considering two EMS ap-
plications together. The mutation rates were 1/317 kb for 

FAD2A in 0.4％ EMS（12 h）and 1/466 kb for FAD2B in 
1.2％（2 h）, respectively. Based on the mutation frequency 
in the four targeted genes（Table 1）, we estimated the 
overall mutation rate to 1 mutation every 2139 kb（2 muta-
tions in 5571 bp of DNA from the 768 M2 plants screened）.

4  Discussion
TILLING is a flexible method for modifying gene func-

tions by mutations which possibly affect protein function 
which might cause to partial phenotypic change or expres-
sion difference in the target gene57）without involving trans-
genic modification. The optimization of mutagenesis is the 
key factor for the success in this method because of the 
toxicity and sterility on germinal tissue58）. In groundnut, 

Fig. 1　�a, b, c）EMS through induced mutation leading to deformation and retardation in the developmental stages of 
groundnut. d）wild type.

Fig. 2　�Locations of FAD2B and FAD2A mutations in the lines 339 and 547, respectively. DNA from line 339（single M2 plant）
and NC-7（control）were amplified with the primer pair of bF19-R1/FAD for FAD2B and partial sequence traces were 
shown with double peak at the positions of nucleotide in line 339（a）and single peak at same position in NC-7（b）. 
The primer pairs of aF19-1056R amplified DNA from 547（single M2 plant）and NC-7（control）for FAD2A. The partial 
sequence showed double and single peaks for line 547（c）and NC-7（control）（d）at the same position, respectively.
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two EMS mutagenesis treatments（1.2％ and 0.4％）were 
applied to seeds by Knoll et al.30）who monitored high ger-
mination frequencies and detected many SNP mutations in 
fatty acid desaturase and major allergen genes. Guo et al.31）

also captured nucleotide changes with the application of 
0.4％ EMS mutagen on this crop. These tested EMS doses 
were therefore selected in the present investigation 
without preliminary experiments to produce mutagenized 
populations. Although 1.2％ EMS concentration treatment 
is detrimental to the survival of the different plant species 
such as arabidopsis38）and rice47）, we obtained about 60％ 
germination frequency in that mutagen dose. The cultivat-
ed groundnut has a polyploid genome and this ploidy level 
can provide tolerance to higher mutation dose because of 
genetic buffering59）, similar to that observed in polyploid 
mutant populations of wheat57, 60）. The polyploid genomic 
structure might also affect the observed phenotypic muta-
tion rate which was ＜1％ in our study and similar low fre-

quency was previously described in groundnut30）and also 
other polyploid crops such as wheat57）.

Based on the mutation frequency in all the studied genes
（Ara h 1.01, Ara h 1.02, FAD2A and FAD2B）, we estimat-
ed the overall mutation rate as 1/2139 kb for each EMS ap-
plications. This value was found to be higher than in 
TILLING population of barley Hordeum vulgare L.（1/2500 
kb）61）and lower when compared to other populations in 
sorghum（1/526 kb）62）, rice（1/294 kb）47）, sunflower（1/475 
kb）50）, rice（1/1000 kb）63）and Aegilops tauschii（1/77 kb）64）. 
The difference in mutation density might be sourced of 
various factors such as species, type of mutagen, treatment 
procedure, mutagen concentration and treated organs62, 65）. 
Based on the single gene, mutation densities were 1/317 kb 
for FAD2A and 1/466 for FAD2B genes in the 0.4％ and 
1.2％ EMS applications, respectively. Although groundnut 
seeds were exposed with same concentration of EMS, dif-
ferent mutation rates were observed in the study conduct-

Fig. 3　�The amplified FAD2B gene region was monitored in ProSizeTM software. Blue arrows were cleavage product sizes as 
peak（a）and fragment（b）from four pooled DNA included lines 339, 340, 341 and 342. Wild type（c）had the only 
expected amplified product（black arrow）. LM is lower marker（35 bp）and UM is upper marker（5000 bp）.

Fig. 4　�The amplified FAD2A gene region was monitored in ProSizeTM software. Blue arrows were cleavage product sizes as 
peak（a）and fragment（b）from four pooled DNA included lines 546, 547, 548 and 549. Wild type（c）had the only 
expected amplified product（black arrow）. LM is lower marker（35 bp）and UM is upper marker（5000 bp）.
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ed by Knoll et al.30）who reported lower mutation frequency 
was 1/501 kb for FAD2A in 0.4％ EMS application and not 
captured any mutations for FAD2A and FAD2B in 1.2％ 
EMS dose. Knoll et al.30）and Guo et al.31）also recorded 
higher overall mutation frequencies on groundnut com-
pared with our result in 0.4％ EMS application. The muta-
tion detection method might be one of the reasons for the 
variable values in mutation rates. Because our TILLING 
process was conducted with use of mutation discovery kit
（DNF-910-K1000T）（AATI, Ames, USA）differently from 
the studies were carried out by Knoll et al.30）and Guo et 
al.31）used CEL I/LI-COR and TILLING by sequencing ap-
proaches, respectively. The effect of environmental condi-
tions on the plant response44）and difference in the selected 
genotype62）might also be other reasons. The point muta-
tions in our tilling study indicated that nucleotide changes 
were one transversion（T→A）and one transition（G→A）
and both of types were observed in TILLING populations of 
rice47）, tomato49）and cucumber41）. 

In groundnut, delta-12-desaturase（oleoyl-PC desatu-
rase）converts oleic into linoleic acid and it is coded by two 
homologous genes ahFAD2A and ahFAD2B15, 18）. The re-
pression of these two genes makes possible higher oleic 
content with changes G to A transition at the 448 position 
of the coding region of ahFAD2A66）, and "A" insertion in 
441_442 position in the coding region of ahFAD2B15, 20）. 
This missense mutation in ahFAD2A caused to aspartic 
acid to asparagine transition at position 15020）. The cultivar, 
NC-7（subsp. hypogaea var. hypogaea）used in this study 
had this spontaneous mutation52）which was frequent 
among subspecies hypogaea accessions67）. A new mutation 
was therefore identified at position 861 causing glycine to 
aspartic acid transition in the present investigation. The 
'protein function was predicted to be affected by this 
amino acid change according to SIFT analysis. Similarly, 
Knoll et al.30）pointed out that the most of the nucleotide 
changes in ahFAD2A gene causing aspartic acid transition 
in groundnut TILLING population treated with 0.4％ EMS. 
In homologue gene ahFAD2B, insertions cause to severe 
stop codons which leading to high oleic ratio15, 20, 68）. Differ-
ently from this type mutation, the nucleotide change cap-
tured at position 993 in the coding region of ahFAD2B re-
sulting in amino acid change, serine to threonine which 
was rare transition in that gene compared other studies in 
groundnut conducted by Knoll et al.30）, Fang et al.21）and 
Guo et al.31）. Differently from common mutations in 
ahFAD2B, Nadaf et al.23）developed high oleic mutants had 
novel SNP changes caused to amino acid transitions, one at 
362 from glutamate to glycine, and another at 372 from 
glycine to serine. These different mutations in ahFAD2B 
showed that this gene functions can be altered with various 
SNP changes lead to high oleic content. The TILLING 
method is therefore effective approach to generate high 
oleic mutants that may be directly used in commercial ac-

tivities. The other homologous genes, Ara h 1.01 and Ara 
h 1.02, were also screened in the present TILLING re-
search however there was no SNP changes in both EMS 
mutagenesis treatments. The number of screened plants
（768）in our study might be reason for this result because 
Knoll et al.30）identified five mutations among the 3420 
plants in similar EMS doses. This showed that higher muta-
tion frequencies and greater allelic variation should be ob-
tained with the increase the size of the required population 
in TILLING population69）. On the other hand, the number 
of detected mutations in the same gene might be affected 
by enzyme activity and probability of mutations presenting 
in the effective region60, 70）. Not only population size and 
the mutation frequency, but also the method used to iden-
tify specific mutations in the population is equally impor-
tant for successful TILLING applications40）. Up to date, dif-
ferent techniques have been selected to capture mutations 
in the studies conducted by Greene et al.71）, Cooper et 
al.44）; Uauy et al.60）; Tindall et al.72）; Gilchrist et al.43）; 
Mascher et al.73）. The mutation discovery kit（AATI, Ames, 
USA）and a detection platform（Fragment AnalyzerTM）was 
used to detect SNP changes in the present TILLING ap-
proach. In this technology, mutation detection times are 
cut in half because of the detection system's speed and 
streamlined methods used with it compared to gel systems. 
Identification multiple cuts in one gene, no clean up step 
and eliminating use of labeled primer sets are also impor-
tant features of this setup. It also examines fragments up 
to 10,000 base pairs and has user-friendly software to 
screen mutations. These are significant advantages 
compare to CEL I/LI-COR heteroduplex detection method 
which requires labeled primers in PCR reactions58）and also 
analysis of TILLING gel images is difficult71）. In addition, 
Fragment AnalyzerTM has faster electrophoresis run times 
than other mutation detection method, Matrix-assisted 
laser desorption/ionization-time-of-flight mass spectrome-
ter（MALDI-TOF）40）. Although these features and benefits, 
we faced some drawbacks with mutation discovery kit used 
in this study. The first problem was undesirable peaks and 
fragments（Fig. 3）which were monitored in software gave 
rise to false SNPs. We observed cleaved fragments and 
peaks in eight wells, however, the right SNPs were detect-
ed only two of them after sequencing. The residues of main 
and digested fragments might generate these unexpected 
results. The other issue was peak size. Main fragment and 
cleaved products were observed together in output graphic 
and this issue caused to lower peak size（volume）for 
cleaved fragments resulted with uncertainty to identify 
mutations, for example Fig. 4. To overcome these detection 
problems, we sequenced potential mutant DNAs to confirm 
nucleotide changes and similarly, identified mutations with 
the mutation discovery kit were later checked by Sanger 
sequencing in the study conducted by Mascher et al.73）. 
With respect to economical side, the mutation discovery kit 
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is costly and needs to initial investment in terms of detec-
tion platform like denaturing high-performance liquid 
chromatography（DHPLC）method74）. The sequencing-
based method of TILLING seems to better approach to 
detect mutations because it does not require specific mu-
tation-detection platform. It can be used for direct muta-
tion determination without any pre-screening33）and would 
be cost-friendly with the pooling large numbers of samples45）

with the high sensitivity compared to CEL I/LI-COR31）and 
Mutation discovery kit/Fragment Analyzer. It also elimi-
nates disadvantage of CEL I enzyme which especially rec-
ognizes certain mismatches might decrease the sensitivi-
ty75）.

Author Contributions
Engin Yol performed research, analyzed data, and wrote 

the original manuscript. Merve Başak, Sibel Kizil and 
Kürşat Karaman conducted field trails and laboratory 
studies. Bülent Uzun supervised the research design and 
reviewed the article. All authors read and approved the 
article.

Acknowledgements
This study was supported by the Scientific Research 

Projects Coordination Unit of Akdeniz University with the 
grant code of FYL-2017-2990.

Conflict of Interest
The authors declare no conflict of interest.

Supporting Information
This material is available free of charge via the Internet 

at doi: 10.5650/jos.ess21075

References
1） Gregory, W.C.; Krapovickas, A.; Gregory, M.P. Struc-

ture, variation, evolution, and classification in Ara-
chis. in Advances in Legume Science（Summerfield, 
R.J.; Bunting, A.H. eds.）. Royal Botanical Gardens, 
Kew, pp. 469-481（1980）.

2） FAO（Food and Agriculture Organization）. 2020. On-
line statistical database. FAOSTAT.［2020-04-9］. http://
faostat.fao.org/site/567/default.aspx.

3） Savage, G.P.; Keenan, J.I. The composition and nutri-

tive value of groundnut kernels. in The Groundnut 
Crop: A Scientific Basis for Improvement（Smart, J. 
ed.）. Chapman and Hall, London, pp. 173-213（1994）.

4） Francisco, M.L.; Resurreccion, A.V. Functional compo-
nents in peanuts. Crc. Cr. Rev. Food Sci. 48, 715-746
（2008）. 

5） Upadhyaya, H.D.; Sharma, S.; Dwivedi, S.L. Arachis. 
in Wild Crop Relatives: Genomic and Breeding Re-
sources Legume Crops and Forages（Chittaranjan, K. 
ed.）. Springer, Berlin, pp. 1-19（2011）.

6） Dwivedi, S.L.; Crouch, J.H.; Nigam, S.N.; Ferguson, 
M.E.; Paterson, A.H. Molecular breeding of groundnut 
for enhanced productivity and food security in the 
semi-arid tropics: Opportunities and challenges. Adv. 
Agron. 80, 153-221（2003）. 

7） Suchoszek-Lukaniuk, K.; Jaromin, A.; Korycinska, M.; 
Kozubek, A. Health benefits of peanut（Arachis hypo-
gaea L.）seeds and peanut oil consumption. in Nuts 
and Seeds in Health and Disease Prevention（Pre-
edy, V.R.; Watson, R.R.; Patel, V.B. eds.）. Elsevier, Lon-
don, pp. 873-880（2011）.

8） Hwang, J.Y.; Wang, Y.T.; Shyu, Y.; Wu, J.S. Antimuta-
genic and antiproliferative effects of roasted and de-
fatted peanut dregs on human leukemic U937 and HL-
60 cells. Phytother. Res. 22, 286-290（2008）.

9） Sekhon, K.S.; Ahuja, K.L.; Sandhu, R.S.; Bhatia, I.S. 
Variability in fatty acid composition in peanut 1. Bunch 
group. J. Sci. Food Agric. 23, 919-924（1972）. 

10） Young, C.T.; Waller, G.K. Rapid oleic/linoleic microana-
lytical procedure for peanuts. J. Agric. Food Chem. 
20, 1116-1118（1972）. 

11） O’Keefe, V.A. Comparison of oxidative stability of high 
and oleic peanut oils. J. Am. Oil Chem. Soc. 70, 489-
492（1993）. 

12） Miles, E.A.; Calder, P.C. Modulation of immune func-
tion by dietary fatty acids. Proc. Nutr. Soc. 57, 277-
292（1998）. 

13） Ferrara, L.A.; Raimondi, A.S.; d'Episcopo, L.; Guida, L.; 
Dello Russo, A.; Marotta, T. Olive oil and reduced need 
for antihypertensive medications. Arch. Intern. Med. 
160, 837-842（2000）. 

14） Vassiliou, E.K.; Gonzalez, A.; Garcia, C.; Tadros, J.H.; 
Chakraborty, G.; Toney, J.H. Oleic acid and peanut oil 
high in oleic acid reverse the inhibitory effect of insu-
lin production of the inflammatory cytokine TNF-alpha 
both in vitro and in vivo systems. Lipids Health Dis. 
8, 25（2009）. 

15） Jung, S.; Powell, G.; Moore, K.; Abbott, A. The high 
oleate trait in the cultivated peanut［Arachis hypo-
gaea L.］. II. Molecular basis and genetics of the trait. 
Mol. Gen. Genet. 263, 806-811（2000）. 

16） Moore, K.M.; Knauft, D.A. The inheritance of high ole-
ic acid in peanut. J. Heredity 80, 252-253（1989）. 

17） Ray, T.K.; Holly, S.P.; Knauft, D.A.; Abbot, A.G.; Powell, 



K. Karaman, S. Kizil, M. Başak et al.

J. Oleo Sci. 70, (11) 1631-1640 (2021)

1638

G.L. The primary defect in developing seed from the 
high oleate variety of peanut（Arachis hypogaea L.）is 
the absence of D12-desaturase activity. Plant Sci. 91, 
15-21（1993）. 

18） Jung, S.; Swift, D.; Sengoku, E.; Patel, M.; Teulé, F.; 
Powell, G.; Moore, K.; Abbott, A. The high oleate trait 
in the cultivated peanut［Arachis hypogaea L.］. I. Iso-
lation and characterization of two genes encoding mi-
crosomal oleoyl-PC desaturases. Mol. Gen. Genet. 
263, 796-805（2000b）. 

19） Lopez, Y.; Nadaf, H.L.; Smith, O.D.; Connell, J.P.; Red-
dy, A.S.; Fritz, A.K. Isolation and characterization of 
the Δ12-fatty acid desaturase in peanut（Arachis hy-
pogaea L.）and search for polymorphisms for the high 
oleate trait in Spanish market-type lines. Theor. Appl. 
Genet. 101, 1131-1138（2000）.

20） Lopez, Y.; Nadaf, H.L.; Smith, O.D.; Simpson, C.E.; 
Fritz, A.K. Expressed variants of Δ12-fatty acid desat-
urase for the high oleate trait in Spanish market-type 
peanut lines. Mol. Breed. 9, 183-190（2002）. 

21） Fang, C.Q.; Wang, C.T.; Wang, P.W.; Tang, Y.Y.; Wang, 
X.Z.; Cui, F.G.; Yu, S.L. Identification of a novel muta-
tion in FAD2B from a peanut EMS mutant with elevat-
ed oleate content. J. Oleo Sci. 61, 143-148（2012）. 

22） Janila, P.; Pandey, M.K.; Shasidhar, Y.; Variath, M.T.; 
Sriswathi, M.; Khera, P.; Manohar, S.S.; Nagesh, P.; 
Vishwakarma, M.K.; Mishra, G.P.; Radhakrishnan, T.; 
Manivannan, N.; Dobariya, K.L.; Vasanthi, R.P.; Varsh-
ney, R.K. Molecular breeding for introgression of fatty 
acid desaturase mutant alleles（ahFAD2A and ah-
FAD2B）enhances oil quality in high and low oil con-
taining peanut genotypes. Plant Sci. 242, 203-213
（2016）.

23） Nadaf, H.L.; Biradar, K.S.; Murthy, G.S.S.; Krishnaraj, 
P.U.; Bhat, R.S.; Pasha, M.A.; Yerimani, A.S. Novel mu-
tations in oleoyl-PC desaturase（ahFAD2B）identified 
from new high oleic mutants induced by gamma rays 
in peanut（Arachis hypogaea L）. Crop Sci. 57, 2538-
2546（2017）. 

24） Gorbet, D.W.; Knauft, D.A. Registration of ‘SunOleic 
97R’ peanut. Crop Sci. 40, 1190-1191（2000）.

25） Simpson, C.E.; Baring, M.R.; Schubert, A.M.; Melouk, 
H.A.; Lopez, Y.; Kirby, J.S. Registration of ‘OLin’ pea-
nut. Crop Sci. 43, 1880-1881（2003）.

26） Chamberlin, K.D.; Bennett, R.S.; Damicone, J.P.; God-
sey, C.B.; Melouk, H.A.; Keim, K. Registration of ‘OLé’ 
peanut. J. Plant Reg. 9, 154-158（2015）.

27） Thompson, K.; Chandra, R.K. The management and 
prevention of food anaphylaxis. Nutr. Res. 22, 89-110
（2002）. 

28） Koppelman, S.J.; Vlooswijk, R.A.A.; Knippels, L.M.J.; 
Hessing, M.; Knol, E.F.; van Reijsen, F.C.; Bruijnzeel-
Koomen, C.A. Quantification of major peanut allergens 
Ara h 1 and Ara h 2 in the peanut varieties Runner, 

Spanish, Virginia, and Valencia, bred in different parts 
of the world. Allergy 56, 132-137（2001）. 

29） Burks, A.W.; Cockrell, G.; Stanley, J.S.; Helm, R.M.; 
Bannon, G.A. Recombinant peanut allergen Ara h I ex-
pression and IgE binding in patients with peanut hy-
persensitivity. J. Clin. Invest. 96, 1715-1721（1995）. 

30） Knoll, J.E.; Ramos, M.L.; Zeng, Y.; Holbrook, C.C.; 
Chow, M.; Chen, S.; Maleki, S.; Bhattacherya, A.; Ozias-
Akins, P. TILLING for allergen reduction and improve-
ment of quality traits in peanut（Arachis hypogaea 
L.）. BMC Plant Biol. 11, 81（2011）. 

31） Guo, Y.; Abernathy, B.; Zeng, Y.; Ozias-Akins, P. TILL-
ING by sequencing to identify induced mutations in 
stress resistance genes of peanut（Arachis hypo-
gaea）. BMC Genom. 16, 157（2015）.

32） Chandran, M.; Chu, Y.; Maleki, S.J.; Ozias-Akins, P. Sta-
bility of transgene expression in reduced allergen pea-
nut（Arachis hypogaea L.）across multiple generations 
and at different soil sulfur levels. J. Agric. Food 
Chem. 63, 1788-1797（2015）. 

33） Kurowska, M.; Daszkowska-Golec, A.; Gruszka, D.; 
Marzec, M.; Szurman, M.; Szarejko, I.; Maluszynski, M. 
TILLING: A shortcut in functional genomics. J. Ap-
plied Genet. 52, 371-390（2011）. 

34） Travella, S.; Klimm, T.E.; Keller, B. RNA interference-
based gene silencing as an efficient tool for functional 
genomics in hexaploid bread wheat. Plant Physiol. 
142, 6-20（2006）. 

35） Krysan, P.J.; Young, J.C.; Sussman, M.R. T-DNA as an 
insertional mutagen in arabidopsis. Plant Cell 11, 
2283-2290（1999）. 

36） Comai, L.; Young, K.; Till, B.J.; Reynolds, S.H.; Greene, 
E.A.; Codomo, C.A.; Enns, L.C.; Johnson, J.E.; Burtner, 
C.; Odden, A.R.; Henikoff, S. Efficient discovery of 
DNA polymorphisms in natural populations by Ecotill-
ing. Plant J. 37, 778-86（2004）. 

37） Till, B.J.; Reynolds, S.H.; Weil, C.; Springer, N.; Burt-
ner, C.; Young, K.; Bowers, E.; Codomo, C.A.; Enns, 
L.C.; Odden, A.R.; Greene, E.A.; Comai, L.; Henikoff, S. 
Discovery of induced point mutations in maize genes 
by TILLING. BMC Plant Biol. 4, 12（2004）.

38） McCallum, C.M.; Comai, L.; Greene, E.A.; Henikoff, S. 
Targeting induced local lesions in genomes（TILLING）
for plant functional genomics. Plant Physiol. 123, 
439-442（2000）.

39） Henikoff, S.; Till, B.J.; Comai, L. TILLING, traditional 
mutagenesis meets functional genomics. Plant Physi-
ol. 135, 630-636（2004）.

40） Chawade, A.; Sikora, P.; Bräutigam, M.; Larsson, M.; 
Vivekanand, V.; Nakash, M.A.; Chen, T.; Olsson, O. De-
velopment and characterization of an oat TILLING-
population and identification of mutations in lignin 
and beta-glucan biosynthesis genes. BMC Plant Biol. 
10, 86（2010）. 



Screening Mutations in ahFAD2 and Ara h 1 Genes

J. Oleo Sci. 70, (11) 1631-1640 (2021)

1639

41） Boualem, A.; Fleurier, S.; Troadec, C.; Audigier, P.; Ku-
mar, A.P.K.; Chatterjee, M.; Alsadon, A.A.; Sadder, 
M.T.; Wahb-Allah, M.A.; Al-Doss, A.A.; Bendahmane, A. 
Development of a Cucumis sativus TILLinG Platform 
for Forward and Reverse Genetics. PLoS ONE 9, 
e97963（2014）. 

42） Martín, B.; Ramiro, M.; Martínez-Zapater, J.M.; Alonso-
Blanco, C. A high-density collection of EMS-induced 
mutations for TILLING in Landsberg erecta genetic 
background of Arabidopsis. BMC Plant Biol. 9, 147
（2009）. 

43） Gilchrist, E.J.; Sidebottom, C.H.D.; Koh, C.S.; Ma-
cInnes, T.; Sharpe, A.G.; Haughn, G.W. A mutant Bras-
sica napus（Canola）population for the identification 
of new genetic diversity via TILLING and next genera-
tion sequencing. PLoS ONE 8, e84303（2013）. 

44） Cooper, J.L.; Till, B.J.; Laport, R.G.; Darlow, M.C.; Klef-
fner, J.M.; Jamai, A.; Ei-Mellouki, T.; Liu, S.; Ritchie, R.; 
Nielsen, N.; Bilyeu, K.D.; Meksem, K.; Comai, L.; He-
nikoff, S. TILLING to detect induced mutations in soy-
bean. BMC Plant Biol. 8, 9（2008）. 

45） Thapa, R.; Carrero-Colón, M.; Rainey, K.M.; Hudson, K. 
TILLING by sequencing: A successful approach to 
identify rare alleles in soybean populations. Genes 10, 
1003（2019）. 

46） Hoshino, T.; Watanabe, S.; Takagi, Y.; Anai, T. A novel 
GmFAD3-2a mutant allele developed through TILLING 
reduces alpha-linolenic acid content in soybean seed 
oil. Breed. Sci. 64, 371-377（2014）.

47） Till, B.J.; Cooper, J.; Tai, T.H.; Colowit, P.; Greene, E.A.; 
Henikoff, S.; Comai, L. Discovery of chemically in-
duced mutations in rice by TILLING. BMC Plant Biol. 
7, 19（2007）.

48） Bovina, R.; Brunazzi, A.; Gasparini, G.; Sestili, F.; 
Palombieri, S.; Botticella, E.; Lafiandra, D.; Mantovani, 
P.; Massi, A. Development of a TILLING resource in 
durum wheat for reverse- and forward-genetic analy-
ses. Crop Pasture Sci. 65, 112-124（2014）.

49） Minoia, S.; Petrozza, A.; D’onofrio, O.; Piron, F.; Mosca, 
G.; Sozio, G.; Cellini, F.; Bendahmane, A.; Carriero, F. 
A new mutant genetic resource for tomato crop im-
provement by TILLING technology. BMC Res. Notes 3, 
69（2010）. 

50） Sabetta, W.; Alba, V.; Blanco, A.; Montemurro, C. sun-
TILL: a TILLING resource for gene function analysis in 
sunflower. Plant Methods 7, 20（2011）. 

51） Reddy, T.; Dwivedi, S.; Sharma, N. Development of 
TILLING by sequencing platform towards enhanced 
leaf yield in tobacco. Ind. Crops Prod. 40, 324-335
（2012）. 

52） Yol, E.; Uzun, B. Influences of genotype and location 
interactions on oil, fatty acids and agronomical prop-
erties of groundnuts. Grasas y Aceites 69, 4（2018）. 

53） Doyle, J.J.; Doyle, J.L. Isolation of plant DNA from 

fresh tissue. Focus 12, 13-15（1990）.
54） Chu, Y.; Wu, C.L.; Holbrook, C.C.; Tillman, B.L.; Per-

son, G.; Ozias-Akins, P. Marker-assisted selection to 
pyramid nematode resistance and the high oleic trait 
in peanut. Plant Genome 4, 110-117（2011）. 

55） Tamura, K.; Peterson, D.; Peterson, N.; Stecher, G.; 
Nei, M.; Kumar, S. MEGA5: Molecular evolutionary ge-
netics analysis using maximum likelihood, evolution-
ary distance, and maximum parsimony methods. Mol. 
Biol. Evol. 28, 2731-2739（2011）. 

56） Sim, N.L.; Kumar, P.; Hu, J.; Henikoff, S.; Schneider, G.; 
Pauline, N.G. SIFT web server: Predicting effects of 
amino acid substitutions on proteins. Nucleic Acids 
Res. 40, 452-457（2012）. 

57） Chen, L.; Huang, L.Z.; Min, D.H.; Phillips, A.; Wang, 
S.Q.; Madgwick, P.J.; Parry, M.A.J.; Hu, Y.G. Develop-
ment and characterization of a new TILLING popula-
tion of common bread wheat（Triticum aestivum L.）. 
PLoS ONE 7, e41570（2012）. 

58） Till, B.J.; Reynolds, S.H.; Greene, E.A.; Codomo, C.A.; 
Enns, L.C.; Johnson, J.E.; Burtner, C.; Odden, A.R.; 
Young, K.; Taylor, N.E.; Henikoff, J.G.; Comai, L.; He-
nikoff, S. Large-scale discovery of induced point muta-
tions with high throughput TILLING. Genome Res. 13, 
524-530（2003）. 

59） Comai, L. The advantages and disadvantages of being 
polyploid. Nat. Rev. Genet. 6, 836-846（2005）. 

60） Uauy, C.; Paraiso, F.; Colasuonno, P.; Tran, R.K.; Tsai, 
H.; Berardi, S.; Comai, L.; Dubcovsky, J. A modified 
TILLING approach to detect induced mutations in tet-
raploid and hexaploid wheat. BMC Plant Biol. 9, 115
（2009）. 

61） Lababidi, S.; Mejlhede, N.; Rasmussen, S.K.; Backes, G.; 
Al-Said, W.; Baum, M.; Jahoor, A. Identification of bar-
ley mutants in the cultivar ‘Lux’ at the Dhn loci 
through TILLING. Plant Breed. 128, 332-336（2009）. 

62） Xin, Z.; Wang, M.L.; Barkley, N.A.; Burow, G.; Franks, 
C.; Pederson, G.; Burke, J. Applying genotyping（TILL-
ING）and phenotyping analyses to elucidate gene func-
tion in a chemically induced sorghum mutant popula-
tion. BMC Plant Biol. 8, 103（2008）. 

63） Wu, J.L.; Wu, C.J.; Lei, C.L.; Baraoidan, M.; Bordeos, A.; 
Madamba, M.R.S.; Ramos-Pamplona, M.; Mauleon, R.; 
Portugal, A.; Ulat, V.J.; Bruskiewich, R.; Wang, G.L.; 
Leach, J.; Khush, G.; Leung, H. Chemical- and irradia-
tion-induced mutants of indica riceIR64 for forward 
and reverse genetics. Plant Mol. Biol. 59, 85-97
（2005）. 

64） Rawat, N.; Schoen, A.; Singh, L.; Mahlandt, A.; Wilson, 
D.L.; Liu, S.; Lin, G.; Gill, B.S.; Tiwari, V.K. TILL-D: An 
Aegilops tauschii TILLING resource for wheat im-
provement. Front. Plant Sci. 9, 1665（2018）. 

65） Talame, V.; Bovina, R.; Sanguineti, M.C.; Tuberosa, R.; 
Lundqvist, U.; Salvi, S. TILLMore, a resource for the 



K. Karaman, S. Kizil, M. Başak et al.

J. Oleo Sci. 70, (11) 1631-1640 (2021)

1640

discovery of chemically induced mutants in barley. 
Plant Biotechnol. J. 6, 477-485（2008）. 

66） Bruner, A.C.J.; Abbott, S.; Powell, A.G.; Gary, L. The 
naturally occurring high oleate oil character in some 
peanut varieties results from reduced oleoyl-PC desat-
urase activity from mutation of aspartate 150 to aspar-
agine. Crop Sci. 41, 522-526（2001）. 

67） Chu, Y.; Ramos, L.; Holbrook, C.C.; Ozias-Akins, P. Fre-
quency of a loss-of-function mutation in oleoyl-PC-de-
saturase（ahFAD2A）in the mini-core of the U.S. pea-
nut germplasm collection. Crop Sci. 47, 2372-2378
（2007）. 

68） Patel, M.; Jung, S.; Moore, K.; Powell, G.; Ainsworth, C.; 
Abbott, A. High-oleate peanut mutants result from a 
MITE insertion into the FAD2 gene. Theor. Appl. 
Genet. 108, 1492-1502（2004）.

69） Hädrich, N.; Gibon, Y.; Schudoma, C.; Altmann, T.; 
Lunn, J.E.; Stitt, M. Use of TILLING and robotised en-
zyme assays to generate an allelic series of Arabidop-
sis thaliana mutants with altered ADP-glucose pyro-
phosphorylase activity. J. Plant Physiol. 168, 1395-
1405（2011）. 

70） Stephenson, P.; Baker, D.; Girin, T.; Perez, A.; Amoah, 
S.; King, G.J.; Østergaard, L. A rich TILLING resource 
for studying gene function in Brassica rapa. BMC 
Plant Biol. 10, 62（2010）. 

71） Greene, E.A.; Codomo, C.A.; Taylor, N.E.; Henikoff, 
J.G.; Till, B.J.; Reynolds, S.H.; Enns, L.C.; Burtner, C.; 

Johnson, J.E.; Odden, A.R.; Comai, L.; Henikoff, S. 
Spectrum of chemically induced mutations from a 
large-scale reverse-genetic screen in Arabidopsis. Ge-
netics 164, 731-740（2003）.

72） Tindall, E.A.; Petersen, D.C.; Woodbridge, P.; Schipany, 
K.; Hayes, V.M. Assessing high-resolution melt curve 
analysis for accurate detection of gene variants in 
complex DNA fragments. Hum. Mutat. 30, 876-883
（2009）.

73） Mascher, M.; Jost, M.; Kuon, J.E.; Himmelbach, A.; 
Aβfalg, A.; Beier, S.; Scholz, U.; Graner, A.; Stein, N. 
Mapping by sequencing accelerates forward genetics 
in barley. Genome Biol. 15, R78（2014）. 

74） Colasuonno, P.; Incerti, O.; Lozito, M.L.; Simeone, R.; 
Gadaleta, A.; Blanco, A. DHPLC technology for high-
throughput detection of mutations in a durum wheat 
TILLING population. BMC Genet. 17, 43（2016）. 

75） Oleykowski, C.A.; Bronson Mullins, C.R.; Godwin, A.K.; 
Yeung, A.T. Mutation detection using a novel plant en-
donuclease. Nucleic Acids Res. 26, 4597-4602（1998）.

CC BY 4.0（Attribution 4.0 International）. This 
license allows users to share and adapt an article, 
even commercially, as long as appropriate credit is 
given. That is, this license lets others copy, distrib-
ute, remix, and build upon the Article, even com-
mercially, provided the original source and Authors 
are credited.


