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Abstract

Leaf rust, caused by Puccinia triticina, is the most common rust disease of wheat. The fungus is an obligate parasite
capable of producing infectious urediniospores. To study the genetic structure of the leaf rust population 20 RAPD
primers were evaluated on 15 isolates samples collected in Pakistan. A total of 105 RAPD fragments were amplified
with an average of 7 fragments per primer. The number of amplified fragments varied from 1 to 12. GL Decamer
L-07 and GL Decamer L-01 amplified the highest number of bands (twelve) and primer GL Decamer A-03 amplified
the lowest number of bands i.e one. Results showed that almost all investigated isolates were genetically different
that confirms high genetic diversity within the leaf rust population. Rust spores can follow the migration pattern
in short and long distances to neighbor areas. Results indicated that the greatest variability was revealed by
74.9% of genetic differentiation within leaf rust populations. These results suggested that each population was
not completely identical and high gene flow has occurred among the leaf rust population of different areas. The
highest differentiation and genetic distance among the Pakistani leaf rust populations were detected between
the leaf rust population in NARC isolate (NARC-4) and AARI-11and the highest similarity was observed between
NARC isolates (NARC-4) and (NARC-5). The present study showed the leaf rust population in Pakistan is highly
dynamic and variable.

Keywords: leaf rust, diversity, RAPD marker, polymorphism, wheat.

Resumo

A ferrugem da folha, causada por Puccinia triticina, é a ferrugem mais comum do trigo. O fungo é um parasita
obrigatério, capaz de produzir urediniésporos infecciosos. Para estudar a estrutura genética da populagdo de
ferrugem da folha, 20 primers RAPD foram avaliados em 15 amostras de isolados coletadas no Paquistdo. Um total
de 105 fragmentos RAPD foram amplificados com uma média de 7 fragmentos por primer. O nimero de fragmentos
amplificados variou de 1 a 12. GL Decamer L-07 e GL Decamer L-01 amplificaram o maior nimero de bandas (doze),
e o primer GL Decamer A-03 amplificou o menor nimero de bandas, ou seja, um. Os resultados mostraram que
quase todos os isolados investigados eram geneticamente diferentes, o que confirma a alta diversidade genética
na populacgdo de ferrugem da folha. Os esporos de ferrugem podem seguir o padrao de migragdo em distancias
curtas e longas para areas vizinhas. Os resultados indicaram que a maior variabilidade foi revelada por 74,9%
da diferenciagdo genética nas populagdes de ferrugem. Esses resultados sugeriram que cada popula¢do ndo era
completamente idéntica e um alto fluxo génico ocorreu entre a populacao de ferrugem da folha de diferentes
areas. A maior diferenciacdo e distancia genética entre as populacdes de ferrugem da folha do Paquistdo foram
detectadas entre a populagao de ferrugem da folha no isolado NARC (NARC-4) e AARI-11 e a maior similaridade foi
observada entre os isolados NARC (NARC-4) e (NARC-5). O presente estudo mostrou que a populacdo de ferrugem
da folha no Paquistao é altamente dindmica e variavel.

Palavras-chave: ferrugem da folha, diversidade, marcador RAPD, polimorfismo, trigo.
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1. Introduction

Wheat is a staple food of around 40% of the world
population (FAO, 2007). Wheat production has been
increased tremendously since the 1960s green revolution
through the introduction of rust resistant and semi-dwarf
wheat varieties. This helped in overcoming the problem
of hunger especially in developing countries, where green
revolution technologies were adopted in a better way
(Heisey etal., 2002). However, the interminably increasing
population and the appearance of new devastating disease
races have threatened global food security. Therefore, there
is a dire need to improve wheat productivity by developing
high yielding disease-resistant wheat varieties.

Among wheat diseases, wheat rusts (leaf, stripe, and
stem rust)), diseases have been thought the main biotic
factor for production restraints in Asia and the rest of
the world (Singh and Rajaran, 1991). Leaf rust caused by
Puccinia tritici is one of the most important and destructive
diseases of wheat in the world. Puccinia is an obligate
parasite, which can infect the wheat during its growing
period. Leaf rust damages are lesser than stem and yellow
rust, but its harmful effects cause more annual damages,
due to its prevalent occurrence (Huerta-Espino et al.,
2011). It alone can cause 30-50% yield losses under
favorable environmental conditions and by growing the
susceptible cultivars. The importance of this disease is
historically recognized (Borlaug, 1968; Brennan et al.,
1994) as in 1978, leaf rust disease in Pakistan causes 10%
yield loss (Hassan et al., 1979). There are many approaches
to control this disease, one of them is genetic resistance
that is cheap, environmentally friendly, and is adopted
by almost all the developing countries (Rehman et al.,
2013). About 60 genes of leaf rust have been reported in
wheat (McIntosh et al., 2003). Wheat varieties are often
relying on race-specific resistance however, these varieties
readily lose their effectiveness within years. Wheat leaf
rust races evolution through mutation and selection is also
a major concern of this era. It is a very significant feature
of uredospores that these can travel to miles through air
current, wind source, even these spores can travel over the
continents from the infected plant source. It is essential to
regularly evaluate and categorize rust races of pathogens
population. To incorporate genetic resistance, assessment
of the genetic diversity and population structure of fungi
within the pathogen species is a pre-requisite. Such factors
are very significant to explain genetic diversity and discuss
the happening of new virulence in the region. DNA based
molecular markers including Amplified Fragment Length
Polymorphism (AFLP) (Dadrezaie et al., 2013), Random
Amplified Polymorphic DNA (RAPD) (Dinu et al., 2016),
and Simple Sequence Repeat (SSR) (Ordonez and Kolmer,
2007) are widely used to study these population. RAPD
sare the most simple and efficient molecular markers
for genetic screening and characterization of different
plants and organisms. RAPD is a multilocus marker and
only a single decamer is usually used. These are short
random nucleotide sequence primers that are used for
the detection of polymorphism among DNA products of
different species (Williams et al., 1990). RAPD technique is
widely used due to its simplicity, inexpensive nature, ease
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of performance, and requirement of a minute quantity of
template DNA (Micheli et al., 1994). Optimization of RAPDs
(PCR) conditions improves the PCR product resolution
and RAPDs repeatability. RAPDs markers are considered
important for the characterization of variation between
regionally based groups of Puccinia triticina virulence
phenotypes but a few reports till now detected the variation
between nearly linked virulence phenotypes in among or
within regions. Previously RAPDs markers were applied
by Chen et al. (1995) to study genetic diversity among the
P. triticina isolates.

Our objective was to study the genetic diversity of
P. triticina isolates collected from the different parts of
Pakistan using RAPD markers which will help to identify
the strains in relation to its virulence and severity in the
region.

2. Materials and Methods

Fifteen samples of leaf rust-infected leaves and spores
were collected from different locations of Pakistan in the
early spring. Out of these, twelve samples were collected
in the form of infected leaves (diseased leaf rust samples)
from the National Agricultural Research Centre (NARC)
Islamabad, belongs to different locations of rust affected
wheat areas in Pakistan discussed in Table 1. The spores of
rust were removed from leaves and dried in the open air
and then kept in the refrigerator at 4 °C. Three samples were
collected from wheat varieties AARI-11, Faisalabad-85, and
Morocco from the experimental area of Wheat Research
Institute (WRI), Ayub Agricultural Research Institute
(ARRI), Faisalabad.

2.1. DNA extraction

DNA was extracted from either collected, dried
urediniospores (1 to 20 mg) or from diced, infected leaf
tissue with visible uredinia (20 to 30 mg). Spores were
added to Eppendorf tubes and crushed mechanically using
autoclaved micro pestles. DNA was extracted using the
following modifications of the cetyltrimethylammonium
bromide (CTAB) method (Kolmer and Liu, 2000) following
incubation at 65 °C for 1.5h in 600l of extraction buffer
(0.165 M Tris-HCl, pH 8.0; 66 mM EDTA, pH 8.0; 1.54 M NaCl;
1.1% CTAB; and Proteinase K at 50 pg/mL) and 66 pl of 20%
sodium dodecyl sulfate (SDS), DNA was extracted with
an equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1, vol/vol/vol), followed by extraction with an equal
volume of chloroform:isoamyl alcohol (24:1, vol/vol).
The aqueous phase was removed, and nucleic acids were
precipitated with 0.6 volume of isopropanol and finally
resuspended in 100ul of Tris-EDTA (TE) buffer (10mM
Tris-HCI, pH 8.0; 0.1mM EDTA, pH 8.0). RNA was digested
by incubation with 3.5l of RNase A (10 mg mL-") at 37 °C
for 1h. To precipitate DNA, 0.1 volume of 3.0 M NaOAc and
2.0 volumes of cold 95% ethanol were added to samples,
mixed by inversion, and incubated at -20 °C for 1h. After
centrifugation, the pellet then was washed twice with cold
70% ethanol, air-dried, and resuspended in 100ul of TE
buffer. Quantification of DNA was determined by NanoDrop
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ND-1000 spectrophotometer (Nanodrop Technologies,
Wilmington, Delaware).

2.2. Molecular analysis with RAPD

15 RAPD primers (Table 2) was used in current
study. RAPD polymerase chain reaction conditions were
optimized and used for amplification as 15 ng/pl DNA was

Table 1. List of Samples of rust isolates along with the location.

Genomic characterization of Puccinia triticina

used in 25 pl reaction volume using AmpliTaq mixture
(Applied Biosystems, USA) with 2.5 ul primer (10 uM).
The thermocycler was programmed at 94 °C for 3 min;
followed by 40 cycles of 1 min at 94 °C, 2 min at 36 °C,
and 2 min at 72 °C; then 10 min at 72 °C for amplification
of DNA with RAPD primers. The amplified product was
visualized on an agarose gel, scoring was done as 0 and
1 based on the presence and absence of the band.

No. Sample Name Sample Type Location
1 15LPPK-336 Leaves Jehlum, Punjab
2. 15LSPK-41 Leaves Tandojaam, Sindh, Sehar
3. Faisalabad-85 Leaves Ayub Agricultural Research Centre, Faisalabad from Variety Faisalabad
85
4, AARI-11 Leaves Ayub Agricultural Research Institute, Faisalabad from variety AARI 11
5. 15LSPK-18 Leaves Jhol, Sanghar, Sindh, Sehar
6. 15LPPK-322 Leaves Syed Kaswan, Rawalpindi, Punjab
7. 15LSPK-86 Leaves Kanbala, Punjab, Sehar
8. SSS Spores Sanghar, Sindh
9. NARC 1 (A) Leaves NARC, Islamabad
10 DPS Spores Dunyapur, Punjab
11 NARC 2 (B) Leaves NARC, Islamabad
12 NARC 3 (C) Leaves NARC, Islamabad
13 NARC 4 (D) Leaves NARC, Islamabad
14 NARC 5 (E) Leaves NARC, Islamabad
15 Morocco Leaves Ayub Agricultural Research Centre, Faisalabad from variety Morocco
Table 2. The total number and polymorphic produced by primers.
Sr. # Primer Name Sequence (5'-3") TNB* TNL* NPB* Polymorphism %
1. GL DecamerA-01 CAGGCCCTTC 32 4 3 75%
2. GL DecamerA-02 TGCCGAGCTG 60 7 7 100%
3. GL DecamerA-03 AGTCAGCCAC 15 1 0 0%
4. GL DecamerA-04 AATCGGGCTG 50 4 2 50%
5. GL DecamerA-07 GAAACGGGTG 48 10 10 100%
6. GL DecamerA-08 GTGACGTAGG 37 4 3 75%
7. GL Decamer L-01 GGCATGACCT 90 12 12 100%
8. GL Decamer L-02 TGGGCGTCAA 44 8 7 87.5%
9. GL Decamer L-03 CCAGCAGCTT 69 7 5 71%
10 GL Decamer L-04 GACTGCACAC 59 8 6 75%
11. GL Decamer L-05 ACGCAGGCAC 78 6 4 66.6%
12. GL Decamer L-06 GAGGGAAGAG 61 9 9 100%
13. GL Decamer L-07 AGGCGGGAAC 129 12 8 66.6%
14. GL Decamer L-08 AGCAGGTGGA 93 10 9 90%
15. GL Decamer L-10 TGGGAGATGG 18 3 2 66.6%
Total 883 105 87 74.9%

TNB: Total No of Bands. TNL: Total No of Loci. NPB: Number of Polymorphic Bands.
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2.3. Genotypic data analysis

Genetic relatedness and distance were measured
using Nei’s similarity indices with Popgen32 software
(version 1.32). Dendrogram by Nei's Unweighted Paired
Group of Arithmetic Means Average (UPGMA) method
using Popgen32 software (Yeh et al., 1999) and displayed
using FigTree v1.4.4.

3. Results

3.1. Analysis of band patterns

PCR amplified products were analyzed for the band
patterns. All clear and complete resolution bands as
depicted in Figure 1 were scored for data analysis. Results
from the proliferation of bands that amplified from
15 RAPD primers on an agarose gel, revealed in total
105 clear bands out of which 87 were polymorphic bands
(Table 2). The highest polymorphic percentage revealed by
three primers (GL-A02, GL-LO1, and GL-L06). Total 74.9%
polymorphism was depicted by all primers.

C— e | | e~ ——— —

3.2. Genetic similarities among Puccinia triticina

Genetic similarities among leaf rust causal agent
(Puccinia triticina) were assessed using Nei’s similarity
indices. Genetic similarity ranged from 90.91% to 45.45%
(Table 3). The maximum genetic similarity was found
between NARC isolates (A) and 15LPPK-322 while the
minimum genetic similarity was found between NARC
isolate (C) and AARI-11 (AARI isolate). The narrow genetic
base was found among all the P. triticina isolates used in
this study.

3.3. Genetic relationship among Puccinia triticina

Genetic relationship among leaf rust causal agent
isolates were identified through cluster analysis by Nei’s
Unweighted Paired Group of Arithmetic Means Average
(UPGMA). All the 15 isolates of P. triticina were clustered
into three main groups. The first cluster consisted of
5 members including four isolates of NARC (B, C, D, and E)
and Morocco (AARI isolates) (Figure 2). The second group
is linked consist of six members that are subdivided into
3, 2, and 1 members, the isolates within group-Al are
15LPPK-86, Faisalabad-85, 15LSPK-41, in group-A2 are

9

Figure 1. Amplification product of RAPD decamer primer GL Decamer L-01.
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DPS, SSS and in group-A3 is AARI11. Two members of
the A2 group (SSS and SDP) are closely related to each
other. In the same way, the third group contains four
isolates (NARC1, 15LPPK-332, 15LSPK-18, and 15LPPK-336).
Isolates NARC1 and 15LPPK-322 are closely related to each
other followed by the 15LSPK-18 isolate. In group-Al,
15LSPK-41 and Faisalabad-85 are closely related to each
other followed by 15LSPK-86. The first group [NARC
isolates (B, C, D, E) and Morocco] is a 5 membered group.
NARC isolates are closely related to each other but a bit
distinct to Morocco (AARI isolate) so Morocco is clustered
separately. NARC (D) and (E) isolates are closely related to
each other followed by C and then B isolates. It was found
that a maximum genetic relationship was found between
NARC isolates (D) and (E).

4. Discussion

RAPDs, PCR-based dominant DNA markers, randomly
amplify the genomic regions and does not require the
previous genome sequence information and can amplify
much smaller genomic DNA. RAPDs markers had some
concerns regarding the reproducibility and reliability of
experiments and environmental factors have influence
on RAPDs reaction (Heun et al., 1994). The influence of
environmental and experimental conditions on RAPDs
(PCR) amplification should be optimized. The RAPDs
marker system has been used successfully to characterize
molecular variation in other rust fungi (Chen et al., 1995;
Hamelin et al., 2000). Besides knowing genetic diversity
has important basic and applied implications, including
understanding pathogen evolution. It was found that
15ng/ul gave the best results and it was finally used as an
optimized DNA concentration for RAPDs (PCR). Likewise,
2.5mM dNTPs, 3mM MgCl2, and 1U Taq DNA polymerase
were found optimum for RAPDs (PCR) in a total volume
of 25ul reaction mixture.

In this study 15 out of tested 20 RAPDs primers
amplified reproducible and polymorphic PCR products.
Sedra et al. (1998) reported 123 RAPD primers from them
19 produced reproducible results. EI-Rayes (2009) reported
16 out of 40 RAPDs primers that revealed the polymorphic
and reproducible results. By screening 15 RAPD primers
105 RAPD loci were identified among 15 P. triticina
germplasm, out of which 87 produced polymorphic results
and the percentage of polymorphism identified was
74.9%, showed a relationship among P. triticina. Chen et al.
1995 studied a sample of 115 isolates from the United States
and identified six pathotypes and five random amplified
polymorphic DNA (RAPD) groups, with a low correlation
coefficient found between pathotypes and RAPD groups.
Although five RAPDs groups were identified, the genetic
diversity level appeared low.

The results showed that almost all the studied isolates
were genetically different, all studied P. triticina isolates
were produced unique band patterns, similarly, high genetic
diversity within the population of the leaf rust fungus
was described by McDonald and Linde (2002). Out of
15 samples, 4 samples collected from NARC-3, NARC-2,
NARC-4, NARC-5 were genetically more similar and closely
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related from samples collected from a susceptible wheat
genotype “Morocco” and widely different from other
samples. Similarly, the isolate 15LSPK-41 collected from
Seher-06 was similar to samples collected from varieties
AARI-11 and Faisalabad-85. The cluster analysis shows
a wide distribution of isolated about space and all over
wheat-growing areas of Punjab and Sindh.

5. Conclusion

Results suggested that there is genetic similarity
between different isolates of Group A found all over
Punjab and Sindh showing similar pattern however the
isolates of group B are distinctly showing the presence
of another population in northern and central Punjab.
A narrow genetic base was found between isolates may
due to monoculture situation as a result of the prevalence
of wheat variety Seher-06 in all wheat-growing areas of
Punjab and Sindh.

Acknowledgements

The authors acknowledge the National Agriculture
Research Council (NARC), Islamabad, Pakistan for providing
strains for this research work. The authors are thankful
to Wheat Breeding Institute for assisting in the analysis
of strains.

References

BORLAUG, N.E., 1968. Wheat breeding and its impact on world
food supply. In: Proceedings of the 3rd International Wheat
Genetics Symposium, 5-9 August 1968, Canberra, Australia.
Sydney: Butterworths.

BRENNAN, J.P, MURRAY, G.M. and BALLANTYNE, B.J., 1994. Assessing
the economic importance of disease resistance in wheat. Wagga
Wagga: NSW Agriculture, Agricultural Research Institution. Final
Report of the Grains Research and Development Corporation.

CHEN, X,, LINE, R.F. and LEUNG, H., 1995. Virulence and polymorphic
DNA relationships of Puccinia striiformis f.sp. hordei to other
rusts. Phytopathology, vol. 85, no. 11, pp. 1335-1342. http://
dx.doi.org/10.1094/Phyto-85-1335.

DADREZAIE, S.T., LABABIDI, S., NAZARI, K., GOLTAPEH, E.M., AFSHARI,
F, ALO, F,, SHAMS-BAKHSH, M. and SAFAIE, N., 2013. Molecular
genetic diversity in Iranian populations of Puccinia triticina,
the causal agent of wheat leaf rust. American Journal of Plant
Sciences, vol. 4, no. 7, pp. 1375-1386. http://dx.doi.org/10.4236/
ajps.2013.47168.

DINU, L.D., CIUCA, M. and CORNEA, C.P,, 2016. Genetic diversity
of Puccinia triticina populations from Romania analysed by
randomly amplified polymorphic DNA technique. Romanian
Biotechnological Letters, vol. 21, 11891.

EL-RAYES, D.E., 2009. Characterization of three date Palm cultivars
based on RAPD fingerprints and fruit chemical composition.
Journal of King Abdulaziz University-Meteorology Environment
and Arid Land Agriculture Sciences, vol. 2, no. 2, pp. 3-20. http://
dx.doi.org/10.4197/met.20-2.1.

FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED NATIONS
- FAO, 2007 [viewed 21 January 2021]. The state of food and

Brazilian Journal of Biology, 2024, vol. 84, e249472


https://doi.org/10.1094/Phyto-85-1335
https://doi.org/10.1094/Phyto-85-1335
https://doi.org/10.4236/ajps.2013.47168
https://doi.org/10.4236/ajps.2013.47168
https://doi.org/10.4197/met.20-2.1
https://doi.org/10.4197/met.20-2.1

agriculture [online]. Rome: FAOQ, pp. 251-252. Available from:
http://www.fao.org/3/a-a1200e.pdf

HEISEY, PW., SRINIVASAN, C.S. and THIRTLE, C., 2002. Agricultual
research policy in an era of privatization. In: D. BYERLEE and R.G.
ECHEVERRIA, ed. Privatization of plant breeding in industrialized
countries: causes, consequences and the public sector response.
Wallingford, UK: CABI Publishing, pp. 177-198.

HAMELIN, R.C., HUNT, R.S., GEILS, B.W., JENSEN, G.D., JACOBI, V. and
LECOURS, N., 2000. Barrier to gene flow between eastern and
western populations of Cronartium ribicola in North America.
Phytopathology, vol. 90, no. 10, pp. 1073-1078. http://dx.doi.
org/10.1094/PHYT0.2000.90.10.1073. PMid:189444609.

HASSAN, S.F., HUSSAIN, M. and RIZVI, S.A., 1979. Wheat diseases
situation in Pakistan. In: National Seminar on Wheat Research
and Production, 6-9 August 1979, Islamabad. Islamabad: Pakistan
Agriculture Research Council.

HEUN, M., MURPHY, ].P. and PHILLIPS, T.D., 1994. A comparison
of RAPD and isozyme analysisfor determining the genetic
relationships among Avena sterlis L. accessionc. Theoretical
and Applied Genetics, vol. 87, no. 6, pp. 689-696. http://dx.doi.
0rg/10.1007/BF00222894. PMid:24190412.

HUERTA-ESPINO, ]., SINGH, R.P,, GERMAN, S.S., MCCALLUM, B.D.,
PARK, R.E,, CHEN, W.Q., BHARDWA], S.C. and GOYEAU, H., 2011.
Global status of wheat leaf rust caused by Puccinia triticina.
Euphytica, vol. 1, no. 1, pp. 143-160. http://dx.doi.org/10.1007/
s10681-011-0361-x.

KOLMER, J.A. and LIU, J.Q., 2000. Virulence and molecular
polymorphism in international collections. Phytopathology,
vol. 90, no. 4, pp. 427-436. http://dx.doi.org/10.1094/
PHYTO0.2000.90.4.427. PMid:18944595.

MCDONALD, B.A. and LINDE, C.C., 2002. Pathogen population
genetics evolutionary potential and durable resistance.
Annual Review of Phytopathology, vol. 40, no. 1, pp. 349-379.
http://dx.doi.org/10.1146/annurev.phyt0.40.120501.101443.
PMid:12147764.

Brazilian Journal of Biology, 2024, vol. 84, 249472

Genomic characterization of Puccinia triticina

MCINTOSH, R.A., YAMAZAK], Y., DEVOS, K.M., DUBCOVSKY, RJ.
and APPELS, R., 2003. Catalogue of gene symbols for wheat.
In: The Proceedings of the 10th International Wheat Genetics
Symposium, 2003, Paestum, Italy. Rome: Istituto Sperimentale
per la Cerealicoltura.

MICHELI, M.R., BOVA, R., PASCALE, E. and D'’AMBROSIO, E., 1994.
Reproducible DNA fingerprinting with the random amplified
polymorphic DNA (RAPD) method. Nucleic Acids Research,
vol. 22, no. 10, pp. 1921-1922. http://dx.doi.org/10.1093/
nar/22.10.1921. PMid:8208620.

REHMAN, A.U., SAJJAD, M., KHAN, S.H. and AHMAD, N., 2013.
Prospects of Wheat Breeding for Durable Resistance against
Brown, Yellow and Black Rust Fungi. International journal of
agriculture & biology, vol. 15, no. 6, pp. 1209-1220.

ORDONEZ, M.E. and KOLMER, ].A., 2007. Simple sequence repeat
diversity of a worldwide collection of Puccinia triticina from
durum wheat. Phytopathology, vol. 97, no. 5, pp. 574-583.
http://dx.doi.org/10.1094/PHYTO-97-5-0574. PMid:18943576.

SEDRA, M.H., LASHERMES, P., TROUSLOT, P,, COMBES, M.C. and
HAMON, S., 1998. Identification and genetic diversity analysis
of date palm (Phoenix dactylifera L.) varieties from Morocco
using RAPD markers. Euphytica, vol. 103, no. 1, pp. 75-82.
http://dx.doi.org/10.1023/A:1018377827903.

SINGH, R.P. and RAJARAN, S., 1991. Resistance to Puccinia recondita
fosp. tritici in 50 Mexican bread wheat cultivars. Crop Science,
vol. 31, no. 6, pp. 1472-1479. http://dx.doi.org/10.2135/cropsc
i1991.0011183X003100060016x.

WILLIAMS, ].G.K., KUBELIK, A.R., LIVAK, K., RAFALSKI, J.A. and
TINGEY, S.V., 1990. DNA polymorphisms amplified by arbitrary
primers are useful asgenetic markers. Nucleic Acids Research,
vol. 18, no. 22, pp. 6531-6535. http://dx.doi.org/10.1093/
nar/18.22.6531. PMid:1979162.

YEH, E.C.,, YANG, R.C. and BOYLE, T., 1999 [viewed 21 January 2021].
POPGENE VERSION 1.31: Microsoft window-based free software
for population genetic analysis [online]. Available from: ftp://
ftp.microsoft.com/softlib/HPGL.EXE

717


https://doi.org/10.1094/PHYTO.2000.90.10.1073
https://doi.org/10.1094/PHYTO.2000.90.10.1073
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18944469&dopt=Abstract
https://doi.org/10.1007/BF00222894
https://doi.org/10.1007/BF00222894
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24190412&dopt=Abstract
https://doi.org/10.1007/s10681-011-0361-x
https://doi.org/10.1007/s10681-011-0361-x
https://doi.org/10.1094/PHYTO.2000.90.4.427
https://doi.org/10.1094/PHYTO.2000.90.4.427
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18944595&dopt=Abstract
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12147764&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12147764&dopt=Abstract
https://doi.org/10.1093/nar/22.10.1921
https://doi.org/10.1093/nar/22.10.1921
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8208620&dopt=Abstract
https://doi.org/10.1094/PHYTO-97-5-0574
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18943576&dopt=Abstract
https://doi.org/10.1023/A:1018377827903
https://doi.org/10.2135/cropsci1991.0011183X003100060016x
https://doi.org/10.2135/cropsci1991.0011183X003100060016x
https://doi.org/10.1093/nar/18.22.6531
https://doi.org/10.1093/nar/18.22.6531
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1979162&dopt=Abstract

