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ABSTRACT

CHARACTERIZATION OF YELLOW RUST AND STEM RUST RESISTANT
AND SENSITIVE DURUM WHEAT LINES AT MOLECULAR LEVEL BY
USING BIOPHYSICAL METHODS

Kansu, Cigdem

M. Sc. Department of Biology
Supervisor: Prof. Dr. Zeki Kaya
Co-Supervisor: Prof. Dr. Feride Severcan

September, 2011, 90 pages

Stem rust and Yellow rust diseases are the two major wheat fungal diseases causing
considerable yield losses in Turkey and all around the world. There are studies which
are carried out to identify and utilize resistance sources in order to obtain resistant
lines of wheat. However, virulent pathotypes are continuously being important
threats to wheat production and yield. For that reason, new approaches for rapid

identification are needed.

The aim of this study was to investigate and to understand the structural and
functional differences between the resistant and sensitive durum wheat cultivars to
the plant fungal diseases of stem and yellow (stripe) rusts. To aim this, forty durum
wheat recombinant inbred lines (RILs), which were previously determined to be
resistant or sensitive to stem and yellow rust diseases, were investigated by the non-
invasive Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
Spectroscopy. Also, classification of the resistant and sensitive lines depending on
the structural and functional differences has been attempted.



The FTIR spectra for stem rust disease showed that, resistant durum wheat lines had
a significant increase in the population of unsaturation in acyl chains of lipid
molecules, an increase in lipid and in total protein content and also an increase in
carboxylic acids and alcohols. For yellow rust disease, resistant lines had a
significant increase in hydrogen bonding and they had also a more ordered

membrane structure.

In Principal Component Analysis for stem rust disease, according to 3700-650 cm™
region, amide Il band (1213-1273 cm™ region) and C-H stretching region (3020-
2800 cm™), the resistant and sensitive groups were separated successfully. For
yellow rust disease, according to 3700-650 cm™ region, Amide A and Amide 11|

bands, the resistant and sensitive lines were grouped distinctly.

FTIR spectroscopy provides a useful approach to determine the differences in
molecular structure of durum wheat RILs regarding resistance of lines to fungal
diseases. However, further research is still needed to ensure if the structural and
functional differences in biomolecules of the samples could be used as molecular

markers for discrimination of rust resistant materials from rust sensitive ones.

Keywords: ATR-FTIR spectroscopy, stem rust, yellow rust, rust disease resistance,

Durum wheat, Recombinant inbred lines, characterization
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KARA PAS VE SARI PAS HASTALIKLARINA DAYANIKLI VE HASSAS
DURUM BUGDAY HATLARININ MOLEKULER DUZEYDE BIYOFiZIKSEL
METODLARLA KARAKTERIZASYONU

Kansu, Cigdem

Yiiksek Lisans, Biyoloji Bolimii
Tez Yoneticisi: Prof. Dr. Zeki Kaya
Ortak Tez Yoneticisi: Prof. Dr. Feride Severcan

Eyliil, 2011, 90 sayfa

Kara pas ve Sar1 Pas Tiirkiye’de ve diinyada 6nemli dlgiide verim kaybina neden
olan baglica bugday mantar hastaliklaridir. Bu yikici mantar hastaliklarina karsi
dayanikli bugday hatlarinin  tanimlanmasi ve bu dayanakli kaynaklardan
yararlanilmasi i¢in arastirmalar yapilmaktadir. Fakat virulan patotipler bugday
tiretimi ve verime 6nemli Ol¢iide tehdit olusturmaya devam etmektedir. Bu sebeple,

hizli teshis i¢in yeni yaklagimlara ihtiyag vardir.

Bu galismanin amaci bitki mantar hastaliklar1 kara pas ve sar1 pasa Karsi dayanikli ve
hassas durum bugday kiiltiirlerinin yapisal ve fonksiyonel farkliliklarini incelemek ve
anlamaktir. Bu amagcla, daha o6nceki ¢aligmalarda kara pas ve sar1 pas hastaliklarina
dayanikli ve hassas oldugu belirlenmis olan kirk saf durum bugday hatt1 6rnege zarar
vermeyen ATR-FTIR spektroskopisi ile incelendi. Ayni1 zamanda, bu farkliliklara

gore dayanikli ve hassas hatlarin siniflandirilmasinin yapilmasi amacglanda.

Kara pas FTIR spektrumlari, dayanikli hatlarin lipid doymamis asil zinciri
populasyonunda, total protein ve total lipid miktarinda ve ayn1 zamanda karboksilik
Vi



asit ve alkol miktarinda 6nemli bir artim oldugunu gostermistir. Sar1 pas hastalig1
icin, dayanikli hatlar hidrojen baglarinda 6nemli bir artima ve daha diizenli bir

membran yapisina sahiptir.

Principal Component Analizi kara pas hastaligi i¢in 3700-650 cm™ bélgesi, amid III
band1 (1213-1273 cm™ region) ve C-H gerilme bdlgesine (3020-2800 cm™) gore
dayanikli ve hassas gruplar1 basariyla ayirmistir. Sar1 pas hastaligi i¢in, 3700-650 cm’
! bolgesi, Amid A ve Amid III bandlarina gore dayanikli ve hassas hatlar belirgin bir
sekilde gruplanmstir.

FTIR spektroskopisi durum bugdayi saf hatlarinin molekiiler yapisindaki farkliliklar
belirlemek i¢in yararli bir yaklagim saglamaktadir. Ancak, bu yapisal ve fonksiyonel
degisikliklerin dayanikli bireylerin hassas olanlardan ayrilmasinda molekiiler belirteg

olarak kullanilabilecegini dogrulayan daha fazla arastirma gereklidir.

Anahtar Kelimeler: ATR-FTIR spektroskopisi, kara pas, sar1 pas, pas hastaligina

dayaniklilik durum bugdayi, Rekombinant kendilenmis hatlar, karakterizasyon.
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CHAPTER 1

INTRODUCTION

1.1. Wheat

1.1.1. Taxonomy

Wheat is one of the most widely grown cereal crop together with rice, barley and
maize. Wheat provides much of the calories and proteins for our daily life like other
cereals rice and maize. It is a member of the Grass family Gramineae (Poaceae) and
the tribe Triticeae (Hordeae). There are 14 recognized species of Triticum genus.
The species are classified according to their chromosome copy number and divided

into three subgroups; diploid, tetraploid and hexaploid.

1.1.2. Wheat production in world and Turkey

Wheat accounts for around 30% of global grain production and 44% of cereal
production, which are used as food. From this production 18% is traded
internationally (FAOSTAT, 2009). Globally, around 220 million hectares of land is
used for 600 million tons wheat production each year (FAOSTAT, 2009), with
nearly half of this area and production attributed to developing countries (Singh &
Trethowan, 2007).

The Near East, East and North Africa and Central and South Asia account for 37
percent of global wheat production alone. The world wheat production by March
2011 is approximately 647.597.000metric-tons. As seen in Table 1, according to the
recent data obtained from USDA, Turkey is one of the top producers of wheat.
(ftp://ftp.fao.org/docrep/fao/011/i0378e/i0378e.pdf).

1



Table 1.Wheat production in the World in million tons (USDA, 2011).
http://www.fas.usda.gov/psdonline/psdReport.aspx?hidReportRetrievalName=World
+Wheat+Production%?2c+Consumption%2c+and+Stocks++++++++++++++++++++
++++++++++ A+ &DIDReportRetrieval ID=750&hidRep
ortRetrieval TemplatelD=7, Retrieved on 10/09/2011

Countries-Year  2006/07 2007/08 ~ 2008/09  2009/10 2010/11March

EU-27 124,870 120,133 151,122 138,051 136,078
China 108,466 109,298 112,464 115,120 114,500
India 69,350 75,810 78,570 80,680 80,800
Russia 44,900 49,400 63,700 61,700 41,500
Pakistan 21,277 23,295 20,959 24,033 23,900
Canada 25,265 20,054 28,611 26,848 23,167
USA 49,217 55,821 68,016 60,366 60,103
Turkey 17,500 15,500 16,800 18,450 17,000
Argentina 16,300 18,600 11,000 11,000 15,000
Australia 10,822 13,569 21,420 21,923 26,000
Brazil 2,234 3,825 5,880 5,026 5,900
Iran 14,500 15,000 10,000 12,000 14,400
Ukraine 14,000 13,900 25,900 20,900 16,850
World Total 596,115 611,202 684,155 682,594 647,597

In Turkey, like other cereal countries the importance of wheat in human diet is
obvious. Wheat is grown annually in the Southeastern Anatolia, Central Anatolia,
Mediterranean and Eastern Anatolia regions of Turkey. The wheat production in
Turkey is shown in Figure 1 year by year. In 2009, the production area was grown
approximately 8.097.898 hectares and production reached at 20.600.000 tons. Durum
wheat (Triticum durum Desf.), which is a tetraploid wheat species, was used in this

study.



Wheat production in Turkey
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Figure 1.Wheat production in Turkey between 2005 and 2009
(http://faostat.fao.org/site/567/DesktopDefault.aspx?PagelD=567#ancor).Retrieved
on 01/09/2011

1.1.3. Durum Wheat

Durum wheat (Triticum turgidum ssp.durum or Triticum durum Desf.) is a species
that belongs to the tribe Triticeae and to the genus Triticum. It is one of the most
important wheat species after the common bread wheat (Triticum aestivum L.). It is
an allotetraploid species (genome AABB) with 28 chromosomes (2n=4x=28). The
species lacks D genome found in hexaploid common wheats. The A and B genome
donor of durum wheat is wild emmer wheat, Triticum dicoccoides (Triticum

turgidum ssp. dicoccoides) (Kimber & Feldman, 1987).

Durum wheat is an important crop for human consumption. It possesses a unique
quality that differentiates it from other species. It has the hardest kernel among all

wheat species. With its high protein content and its gluten strength, it is the major
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wheat species preferred for pasta making. It is used to make semolina, which is used
in pasta products such as pasta, bulgur and couscous. It is mainly grown in the
Mediterranean region, Canada, the USA, Argentina and India in the world and has
the traits such as resistance to diseases (Beharav et al., 1997), environmental stability
(Blum et al., 1989; Almansouri et al., 2001), yield potential and high quality (Desali
& Bhatia, 1978). In Figure 2, world durum wheat production and yield according to
USDA were provided for last seven years
(http://www.pecad.fas.usda.gov/highlights/2010/11/global%20durum/)

1000 Tons Global Durum Production .
1000 Hectares ons/Hectare
40000 4.00
35000 -+ 3.50

30000 - 3.00

25000 - 2.50

20000 -

2.00

15000
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- 0.00

Source: USDA/Foraign USDA office of Global Analysis
AgriculturalService mm Production - Area Yield == Foreign Agricultural Service

Figure 2.Global Durum Wheat Production between 2002 and 2011.

In Turkey, durum wheat is a traditionally important crop. It is grown in two major
regions of Turkey that is the central plateau and transitional zones, and the South
Eastern Anatolia.



The Southeastern Anatolia region production comprises about %50-60 of the total
durum and the remaining production is in Central Anatolia (Figure 3). Durum wheat

constitutes 12 % of total wheat production area in Turkey.

Durum Wheat in Turkey and Syria
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Figure 3: Durum Wheat Growing Areas
http://www.fas.usda.gov/pecad2/highlights/2003/11/durum%?202003/Turkey_and_Sy
ria.htm, Retrieved on 15/06/2011.

Durum wheat production in the Southeast Anatolia Region for 2010-2011 is
estimated to be 1.2 million tons and in western Central Anatolia is estimated to be
1.1 million tons. Total durum production for Turkey is estimated to be 2.7 million
tons for 2011 (http://www.pecad.fas.usda.gov/highlights/2010/11/global%20durum/).



1.1.4. Wheat Rust Diseases

The rust diseases are fungal diseases of wheat and have been the major biotic cause
of yield losses (Saari & Prescott, 1985). They are the diseases that have attracted the

most attention.

Fungal diseases are among the most catastrophic plant diseases. Since the parasitic
fungi sporulate prolifically, they provide abundant number of inoculum to infect
further. Also the production time for new spores after infection is very short, so they
could infect new hosts in a short period of time. Besides, the spores can be spread in
surface water or in water droplets by rain as well as they may be carried long

distances by wind.

Rust fungi are obligate parasites, that is, they only survive on living plants. There are
numerous races known to occur worldwide. There are three rust fungi of wheat and
they belong to basidiomycete fungi of the genus Puccinia (Mclintosh et al., 1995).
First one is stem or black rust which is caused by P. graminis f. sp. tritici. The
second one is leaf or brown rust by P. triticina and the last one is yellow or stripe
rust which is caused by P. striiformis f. sp. tritici. Each rust pathogen and its disease
have their own global distribution and this distribution depends on environmental
conditions in that specific area. The wheat rust fungi spread in the form of clonally
produced dikaryotic urediniospores and they can be spread by wind even for long

distances from their initial infection sites.

There are different races of rust fungi that can overcome different resistance genes of
wheat to the particular disease. Also, new races may arise through sexual
recombination (not known for P. striiformis), mutation, or somatic hybridization
(Singh et al., 2002).



1.1.4.1. Stem Rust

Stem rust, also known as black rust, is caused by the pathogen Puccinia graminis f.
sp. tritici Eriks. &Henn. It is a destructing disease of durum (Triticum turgidum

L.ssp. durum) and common wheat (T. aestivum L.) worldwide.

The stem rust fungus causes abundant production of shiny black teliospores that form
in the uredinium at the end of the season. A healthy crop before harvest can be
destroyed by development of stem rust if the fungi arrive from an infected wheat
crop in a distant region.

Figure 4.Examples of stem rust infection A: Wheat stem rust pustules of a Ug99
isolate that has mutated to overcome the Sr24 (resistance) gene taken from a field
sample in Kenya. B: Uredinia of stem rust fungus P. graminis f. sp. tritici developed

on a sensitive strain (after Ayliffe et al., 2008).



1.1.4.1.1. Life cycle of Stem Rust & Infection Process

Puccinia graminis is heteroecious. This means the rust fungi that require two
unrelated host plants, in this case wheat and barberry, to complete its life cycle. The
fungus produces teliospores on the wheat plant which then produce a secondary
spore, the basidiospore. This spore infects the barberry (Berberis spp.), which is a
different host. Then a further spore stage, the aeciospore, is produced on the barberry
which can reinfect the wheat. This infection causes the uredospore stage, which

produces the actual symptoms on wheat.

Between the harvest of wheat crop in one season and grow of the next crop in other
season, P. graminis can survive as dormant teliospores and these teliospores may
give rise to new infections only on barberry. Without barberry as an alternative host,
the teliospores are the dead end of fungus life cycle. When barberry grows near the
wheat fields, they act as the alternative host for the spread of stem rust to the wheat

again.
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Figure 5. Life cycle of stem rust Puccinia graminis ssp.tritici (after Roelfs et al.,
1992)

Wheat shows the disease symptoms after ~10-15 days of infection and firstly oval
pustules of brick-red urediniospores break through the epidermis. Although both
wheat and barberry are required to complete the full life cycle, auto- can occurs on
wheat infection and spores infect the same plant on which they are produced. By this

property, the rapid development of disease occurs.



1.1.4.1.2. Stem Rust Epidemics in Turkey & in the World

Stem rust, caused by Puccinia graminis f. sp. tritici, has been an important fungal
disease which cause yield losses on wheat. Any increase in severity of rust infection
may cause a parallel increase in yield loss.

There have been serious epidemics happened. For example, in 1935 most of the
wheat crops in North Dakota and Minnesota were lost due to stem rust disease
(Leonard, 2001). Epidemics were developed in Australia in the 1940s and in the
United States in the early 1950s (Luig & Watson, 1972; Saari & Prescott, 1985;
Roelfs, 1986). The most severe epidemics in Europe occurred in 1932 and 1951
(Zadoks, 1963). Another stem rust epidemic had been observed in Iran during 1976.
More recently, stem rust was observed in the Dozen and Gorgan regions adjacent to
the Caspian Sea. Also, localized epidemics have been continuing to occur. There are

numerous hotspots all over the world (Saari & Prescott, 1985).

Therefore, Saudi Arabia, Irag, Iran and Afghanistan are all considered vulnerable to
stem rust due to favorable environments and widespread cultivation of cultivars
susceptible to race Ug99. Although there are not any devastating epidemics reported
in Turkey, our country is considered to be in the region of Western Asia together
with the countries mentioned above (CIMMY'T, 2009).

Eradication of the alternate host (Berberis vulgaris) and use of stem rust resistant
cultivars have contributed to the control of stem rust. However, in 1999, a new
pathotype of stem rust was detected in Uganda and it was called race Ug99 (or
TTKS) (Pretorius et al., 2000). If the conditions are favorable for the pathogen, this

race can spread to other wheat producing regions of world.
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1.1.4.1.3. Genetic Resistance to Stem Rust

Resistance to wheat stem rust is dependent on single ‘gene-for-gene’ type resistance
and there are 46 stem rust (Sr) resistance genes found to be in this type of resistance.
It is known that gene-for-gene type resistance is based on a single resistance gene (R)
product in the host which corresponds to an effector molecule produced by the
pathogen. Most of the genes for resistance to rust are described in Mclintosh et al.,
(1995b).

Among the 46 stem rust resistance genes, only 20 were found originally in hexaploid
bread wheat (Triticum aestivum). Nine of these genes were transferred to bread
wheat from tetraploid T. turgidum (either wild or cultivated durum wheat) (Mclntosh
etal., 1995).

Another class of wheat stem rust resistance genes are called adult plant resistance
genes (APR) or slow rusting resistance genes. Normally, R genes act as single
dominant genes to demonstrate resistance, thus, they are effective only to pathogen
containing effector genes. However, APR genes act as quantitative traits. In other
words, APR genes confer levels of disease resistance that when they come together
they can even show immunity (Singh et al., 2005). As understood from the name,

APR genes usually provide resistance in mature plants, not in seedlings.

Rust severity is determined based on the infection types (ITs) after inoculation by
using a 0 to 4 scale (Stakman et al., 1962; Leonard & Szabo, 2005). The infection
types are illustrated in Figure 6. ITs are; 0 (immune), 0;(fleck), 1 (small uredinia with
necrosis), 2(small uredinia with chlorosis), 3 (small uredinia without chlorosis or
necrosis) and 4 (large uredinia without chlorosis or necrosis). The infection forms 0

to 2 are rated as resistant and 3 to 4 as susceptible.
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Figure 6.Infection types (ITs) of Puccinia graminis f. sp. tritici at a 0-4 scale
(adapted from Stakman et al., 1962

1.1.4.2. Yellow rust (Stripe Rust)

Yellow rust or stripe rust is caused by the fungus P. striiformis f. sp. tritici which is
an obligate biotrophic fungus like stem rust. It produces yellow colored pustules on

the leaves of the plant.

Yellow rust infections are favored in cooler and humid regions. Thus, it is an
important fact for temperate and maritime regions and higher elevations (Johnson,
1992).

It causes one of the most important wheat diseases together with stem rust in world,
especially Asia, including Turkey over the last 25 years. Especially, when the

environmental conditions are optimum, it can cause high yield losses (Roelfs, 1992).

Symptoms of the disease start to be seen in earlier spring. Yellow or orange-coloured
pustules of the disease are formed mostly on leaves but they can be observed in other
parts of the plant as well. The pustules may give rise to chlorosis and then necrosis

12



on leaves. Chlorosis occurs in a narrow yellow stripe which is parallel to the leaf

veins. So the alternate name for this disease is stripe rust.

Figure 7.Relative resistances of wheat to yellow rust: R = resistant, MR = moderately
resistant, MS = moderately susceptible and S = susceptible. Source: Rust Scoring
Guide, Research Institute for Plant Protection, Wageningen, Netherlands. (after
Marcalis & Goldberg,2011)

1.1.4.2.1. Life cycle of Yellow rust & Infection Process
In the spring, when there is cool moist weather, the fungus P. striiformis f. sp. tritici

starts to grow and produces active spores. The optimal conditions for spore

germination and the spore production are 9-13 °C and a relative humidity of 100%.
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Under normal circumstances, the cycle of infection till production of spores can last
in 7 days. Therefore, the cycle can be repeated more than once in a growing season.
During late summer, the dark teliospores could be produced. These teliospores can
germinate to produce the basidiospore. Urediniospores are the only known source for
inoculation for wheat. Alternate host for P.striiformis does not exist. For this reason,
teliospores and basidiospores are not functional in life cycle of P.striiformis.
Although the teliospores seem to have no function in the disease cycle, they can
contribute to the development of new races via sexual recombination
(http://www.hgca.com/minisite_manager.output/3625/3625/Cereal%20Disease%20E
ncyclopedia/Diseases/Yellow%20%28Stripe%29%20Rust.mspx?minisiteld=26),
Retrieved on 20/04/2011.

The disease essentially occurs on the leaves. Once the spores are released from a
leaf, they can live for only a few days. They can infect only if conditions are suitable
for germination. If temperature is low or high, time required for infection increases.
Infection rarely occurs below 2°C, and ceases above 23°C. Glumes and base of the

awns can also be affected (Muray et al., 2005).
The spores are produced in huge numbers in pustules on the upper surface of leaves.

Wind spreads the spores of yellow rust from pustules that develop on infected leaves.

If the spores contact with another wheat leaf, they can germinate and infect that leaf.
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Figure 8.Life cycle of stem rust Puccinia striiformis f. sp. Tritici (after Roelfs et al.,
1992)

1.1.4.2.2. Yellow rust Epidemics

During the 1980s and 1990s, the world wheat experienced a series of major
epidemics of wheat yellow (stripe) rust because there was a breakdown of the yellow
rust resistance gene Yr9. This gene is present in several cultivars grown in South,
West and Central Asia. Thus, the loss of this resistance caused huge amount of crop

losses.
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Figure 9.The gradual spread of the Yr9-virulent wheat yellow rust from eastern
Africa to the South Asia (CIMMYT, 2005).

As seen in Figure 9, the entire wheat area in Asia (except China) is an epidemiologic
zone that is connected to Eastern Africa. Therefore, if a new race of yellow rust
fungus overcomes the present resistance, it could spread all over the epidemiologic
region (CIMMYT, 2005).

Yellow rust was observed in northern Europe, the Middle East, East Africa, China
and India, the west coast of the USA, the Andean region of South America, Australia
and New Zealand (Saari & Prescott, 1985).

Among the fungal diseases causing yield losses, yellow rust caused by P. striiformis
f. sp. tritici, is the most widely distributed one. In Turkey, yellow rust is mostly

observed in the cooler plateaus of central and eastern Anatolia, Thrace, and
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mountainous areas (lren, 1981). There were yellow rust epidemics that had been
reported in Turkey and other countries (Kinaci & Kinaci, 1991; Mamluk, 1992;
Canihos et al., 1997). For instance, yellow rust virulence for 8156 cultivars has

migrated from Turkey to the Middle East; Pakistan and India (Figure 10).

h

Figure 10.Years of the first recorded appearance of the Puccinia striiformis virulence
for 8156 cultivars and its possible migration path (after Saari & Prescott, 1985).

1.1.4.2.3. Genetic Resistance to Yellow rust

Genotypes of wheat have been classified as resistant, moderately resistant,
moderately resistant—-moderately susceptible, moderately susceptible, moderately
susceptible—susceptible and susceptible to the yellow rust disease (Pasquini et al.,
1998).
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Resistance to yellow rust can be divided into two as all-stage resistance (seedling
resistance) and as adult-plant resistance. All stage resistance (seedling resistance) is
observed at the seedling stage, but it is also shown in other stages of plant growth.
On the other hand, adult plant resistance is expressed at later stages of plant growth.
All stage resistance is race specific (Chen & Line, 1992a, 1992b, 1993; Chen et al.,
1995b, 1998a). It is effective only when there is a resistance gene in the cultivar
genome against P. striiformis f. sp. tritici carrying the corresponding avirulence
gene. This type of resistance is compatible with the description of the gene-for-gene
hypothesis first proposed by Flor (1942). So cultivars with all-stage resistance can be
sensitive to new races of the fungus that can emerge (Line & Qayoum, 1992; Line &
Chen, 1995, 1996).

There is another type of resistance to the yellow rust disease. It is the high-
temperature adult-plant resistance (HTAP). This resistance is durable and it is not
race specific (Qayoum & Line, 1985; Milus & Line, 1986a, 1986b; Line & Chen,
1995; Chen & Line, 1995a, 1995b; Chen et al., 1998a). Cultivars having only HTAP
resistance are susceptible to pathogen at the seedling stage. However, as the plant
grows and temperature increases during the growing season, the plant becomes
resistant. HTAP resistance lowers the infection type, prevents new infections and
stops spread of inoculum. For cultivars with the highest degree of HTAP resistance,
sporulation is completely inhibited (Chen & Line, 1995a, 1995b).

There are seventy genes (Yr followed by a number or Yr followed by letters) reported
for yellow rust disease. Most of these genes are unique and most of the known genes
show all-stage resistance. There are also many genes that have not been named yet
(Chen et al., 1998a; Chen, 2002).
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1.1.4.3. Breeding Wheat for Rust Disease Resistance

Achieving high resistance to fungal diseases is an ongoing challenge for wheat
breeding. To increase the resistance of wheat to diseases various aspects are
considered. Attempts for understanding pathogen biology, characterization of
avirulence and resistance genes and research for new resistance sources contribute to

the development of wheat with increased resistance to various diseases.

Although rust diseases are mostly controlled by resistant cultivars, virulent
pathotypes are continuing to be threats. Almost most of the research is directed to
identify and utilize sources of resistance that are considered to be durable (Simmonds
& Rajaram, 1988). Durable resistance is the resistance that remains effective over

many years and can only be recognized retrospectively (Johnson, 1984).

When environmental conditions are favorable and wheat varieties susceptible, fungal
diseases may cause severe epidemics resulting in yield losses of over 60 percent.
Wheat rusts can be controlled worldwide by planting resistant varieties of wheat.
Fungicides may be effective, but for wheat rusts, they are not economical because
pathogens may evolve to develop resistance to fungicides, making them ineffective.
Murray & Brennan (2009) estimated the cost of fungicides for foliar cereal disease
control in Australia in 2008 to be approximately US $8/ha except the application
costs.

During the 1980s and 1990s, the world experienced a series of major epidemics of
wheat yellow (stripe) rust due to a breakdown of the yellow rust resistance gene Yr9,
present in several cultivars that were grown in South, West and Central Asia. This
caused huge amount of crop losses. Recently, Puccinia graminis f. sp. tritici race
Ug99 and its derivatives showed risk of stem rust disease (Pretorius et al., 2000;
Web page of International Maize and Wheat Improvement Center (available online at
http://www.globalrust.org/db/attachments/resources/737/10/BGRI_2009_proceeding
s_cimmyt_isbn.pdf, last access date: April 2011).
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Furthermore, rust fungus is easily transported short distances by wind gusts, which
puts most of the countries in Near East (i.e. Egypt, Irag, Jordan, Lebanon, the Syrian

Arab Republic and Turkey) at similar risk.

Moreover, Turkey is accepted under the category of countries at high risk according
to FAO’s wheat rust disease global program (FAO, 2008). Therefore, an urgent
attempt should be made to enhance the use of resistant varieties which is the only
effective option to prevent rust epidemics because chemical control is not affordable
and effective (Joshi et al., 2008; Singh et al., 2008).

Since rust spores can travel long distances, new races may easily migrate to other
countries. For example, Yr9-virulent race of P. striiformis travelled from the East
African highlands to the Indian subcontinent between 1985 and 1997 and then
reached Nepal (Duveiller et al., 2007).. This is an example of spread of the yellow
rust disease. Also, earlier than this, virulent strains for the Yr2 gene, travelled from
Turkey to Pakistan (Singh et al., 2002, 2005).

Resistance breeding is the most effective way of preventing rust diseases. It is also
the most economical and ecologically friendly approach to avoid yield losses. It is
important to identify and characterize resistance sources and it is urgent to employ
resistance sources. Genetic resistance is the main method to control the rust parasites.
However, disease control requires use of durable and race nonspecific resistance

together with high yielding genotypes.

Although the genetics of resistance to plant disease was first explained in 1905 (Faris
et al., 2008), selection for disease resistance is an ongoing challenge for breeders
since the beginning of agriculture. Resistance genes can be introduced by
hybridization. When the genetic resistance is obtained, it is easy and cheap to
control. More precisely, it is important to have durable resistance in cultivar, a
concept proposed by Johnson (1984). Durable resistance, i.e., the resistance that

remains effective over many years, can only be recognized retrospectively.
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Moreover, resistance that is proved to be durable by experience can be used in
breeding programs. Breeding plants with resistance against a specific disease firstly
requires the identification of resistant plants. These resistant ones are crossed with
the ones having agronomic importance but disease susceptibility. Then, the new
generation is backcrossed to the susceptible parent and resistant phenotypes are
selected. At the end of the procedure, new cultivar is obtained which is similar to the
susceptible parent, but has the required resistance. This process takes long time and
in this period the pathogen could evolve so that, it is not recognized by the hybrid
cultivar (Strange & Scott, 2005).

1.2. Spectroscopy

1.2.1. Electromagnetic Radiation and Optical Spectroscopy

Light is in the form of electromagnetic radiation. Electromagnetic radiation is
considered to behave as two wave motions, which are perpendicular to each other.
One of these waves is magnetic (M) and the other one is electric (E). These

perpendicular components oscillate sinusoidally as they propagate through space as
shown in Figure 11 (Stuart, 1997).
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Figure 11.An electromagnetic wave
(http://micro.magnet.fsu.edu/primer/java/electromagnetic/index.html), Retrieved on
01/09/2011.

When the light interacts with matter, it can be scattered (i.e., its direction of
propagation changes), absorbed (i.e., its energy is transferred to molecule) or emitted

(i.e. energy is released by the molecule).

If the electromagnetic energy of light is absorbed by a molecule, it becomes excited.
It can be said that the molecule is in an excited state. An excited molecule has any
one of a set of discrete amounts (quanta) of energy. This energy is described by the
laws of quantum mechanics. The energy amounts are called energy levels of the
molecule. The major energy levels are determined by the possible spatial
distributions of electrons, which are called electronic energy levels. There are also
vibrational energy levels which are superimposed on electronic energy levels and
these are results of the various modes of vibration of the molecule such as stretching
and bending of chemical bonds. All of these energy levels are described by an energy

level diagram (Figure 12).
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Figure 12.Typical energy-level diagrams showing the ground state and the first
excited state. Vibrational levels are shown as thin horizontal lines. A possible
electronic transition between the ground state and the fourth vibrational level of the
first excited state is indicated by the long arrow. A vibrational transition within the
ground state is indicated by the short arrow (Freifelder, 1982).

In the energy level diagram, the lowest electronic level is the ground state and all
other electronic levels are excited states. The horizontal lines in energy level diagram
represent the vibrational levels. A change between the energy levels is called a
transition. The long arrow in the figure shows a possible electronic transition while
the short arrow represents a vibrational transition within the ground state (Freifelder,
1982).

The transitions can occur occur only if there is a strong interaction between the

incident radiation and the molecule itself. Absorption is most probable when the

energy level separation matches with the energy of the incident radiation.
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The energy of electromagnetic wave is;
AE=hv 1)

in which AE is the separation between the energy states of interest, v is the frequency

of the applied radiation and h is Plank’s constant(6.6x10"* joule second)

C=AV (2)

in which c is speed of light in vacuum (3.0x10® ms™) and A is the wavelength of
light.

The expression of radiation as a function of frequency in Hz gives us huge numbers
which is harder to deal with. Therefore, we can define another unit wavenumber
(v) which is the inverse of wavelength in centimeters. It is the number of waves per

centimeter.

v = wavenumber = (1/ &) [ has a unit of cm™] (3)
E=hv=hcv )

From the above equations, it is obvious that both frequency and wavenumber are
directly proportional to the energy.

Spectroscopy is defined as the study of the interaction of electromagnetic radiation
with matter. Spectroscopic techniques involve irradiation of a sample with some
form of electromagnetic radiation, measurement of the scattering, absorption, or
emission in terms of some measured parameters, and the interpretation of these
measured parameters to give useful information. Figure 13 illustrates the important

regions of the electromagnetic spectrum.
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Figure 13.The Electromagnetic spectrum

For most purposes, it is convenient to think that a molecule as if it possesses several

distinct reservoirs of energy. The total energy is given by:

Etotal = Etransition + Erotation + Evibration + Eelectronic+ Eelectron spin orientationt Enuclear spin orientation

Each E in the equation represents the appropriate energy as indicated by its subscript.
The COﬂtI’ibUtiOﬂS Of Etran5|ation, Ee|ectr0n Espm orientation and Enuc|ear Spln Ol’lentation are

negligible because the separations between respective energy levels are very small.
1.2.2. Basis of Infrared Spectroscopy

Infrared (IR) spectroscopy is the spectroscopy that deals with the infrared region of
the electromagnetic spectrum. Generally, the main experimental parameter is

wavenumber (v ). The infrared region of the electromagnetic spectrum is usually

divided into three sub-regions; the near, middle and far infrared (Smith, 1999);
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Region Wavenumber Range (cm™)

Near 14000-4000
Middle 4000-400
Far 400-4

This spectroscopic technique gives information on molecular vibrations. The
transitions between vibrational levels of the ground state of a molecule result from
the absorption of electromagnetic radiation energy of light in the infrared (IR) region,
which is shown in Figure 12.

For the absorption of infrared to occur, the vibration should cause a change in the
electric dipole moment which means that there must be a displacement of charge
across bond. This happens only when two oppositely charged molecules get closer or
move further apart as the bond bends or stretches. Thus, infrared spectrum is
generated by the characteristic motions of the functional groups such as methyl,

carbonyl and amide.

The characteristic motions include bond stretching and bond bending. A stretch
produces a change in bond length because it is a movement along the line between
the atoms in which the interatomic distance is either increasing or decreasing. The
bending results in a change in bond angle. Both stretching and bending vibrations
can have variations. A stretch can be symmetric or asymmetric. Bending can occur in
the plane of the molecule or out of plane and it can be scissoring, like blades of a
scissor or rocking, in which two atoms move in the same directions (Volland, 1999).

Figure 14 demonstrates the molecular vibrations of a triatomic molecule.
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Figure 14.The schematic representation of some molecular vibrations in linear
triatomic molecules and non-linear triatomic molecules. (+) and (-) symbols

represent atomic displacement out of page plane (Arrondo et al., 1993).

In infrared spectral analysis the modes of vibration of each group are very sensitive
to the changes in chemical structure, conformation and environment. In addition,
since each material has a unique combination of atoms, it is impossible that two
compounds produce the exact same infrared spectrum. Therefore, an infrared

spectrum can be used in identification of every different kind of material.

1.2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) Spectroscopy is a widely used method for
analyzing molecular structure and structural interactions in biological systems. It
measures absorption of vibrations of molecules. The vibrations result from energy
transitions of vibrating dipoles. It is a powerful technique to investigate the detailed
structural changes in molecules because very small changes in bond lengths and

angles can be detected. With the progress in FTIR spectrometer, applications of IR
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spectroscopy have been expanded to study biological molecules. The FTIR technique
has the advantage of rapid recording of high resolution, low-noise spectra even in

aqueous medium. The data acquisition process is automated (Toyran et al., 2006).

An FTIR spectrometer consists of a fixed mirror, a moving mirror and a beam

splitter, as shown in Figure 15.

Fixed mirror
———

Beam splitter Moving mirror

|Source HCollimator ] H I
/ 1

Sample
compartment

|Detector|

Figure 15.Basic components of FTIR spectroscopy

(http://optometry.college.edu.pe), Retrieved on 5/05/2011.

The collimated IR beam from the source is partially transmitted to the moving mirror
and partially reflected to the fixed mirror by the beam splitter. The two beams are
recombined when they meet back at the beam splitter. The detector detects the
transmitted beam from the fixed mirror and reflected beam from the moving mirror
simultaneously. The signal which exits the interferometer is the result of the two
beams interfering with each other. The resulting signal is called an interferogram.
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In interferogram every data point forming the signal has information about every
infrared frequency coming from the source. This means that as the interferogram is
measured; all frequencies are being measured simultaneously. But the interferogram
signal cannot be interpreted directly. It is converted to frequency information by
using Fourier transformation. This transformation is done by the computer and

spectral information is formed for analysis.

The FTIR spectrum is usually represented as plot of intensity versus wavenumber (in
cm™®). Wavenumber is the reciprocal of the wavelength. The intensity can be plotted
as the percentage of light transmittance or absorbance at each wavenumber.

1.2.2.2. The Advantages of FTIR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is more sensitive, rapid, and more
environmentally friendly compared to other chemical methods (Kamnev, 1998).1t is
also a non-invasive technique that gives not only qualitative and quantitative
information about the chemical structure, but also information about molecular
conformation and interaction between neighboring molecules. Thus, this technique
detects macromolecular compounds such as proteins, lipids, carbohydrates, and
nucleic acids, simultaneously (Kamnev, 1998; Bourdon, 2000; Yang, 2002; Cakmak,
2003; Zodrov, 2003; Toyran, 2004).

The other advantage of FTIR spectroscopy is that spectra of almost any biological
material can be obtained in different environments. There is no light scattering or
fluorescent effects and this technique is not as expensive as X-ray diffraction, NMR,
ESR and CD spectroscopic equipment (Haris & Severcan, 1999).

Another advantage of FTIR spectroscopy lies in its ability to increase signal to noise
ratio by signal averaging (Stuart, 1997). It is possible to improve signal-to-noise ratio
(noise adds up as the square root of the number of scans, whereas signal adds

linearly) by the use of computer. Also, the data processing is simple with the
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computer software. Moreover, data storage, alterations on data and quantitative
calculations are allowed in this technique (Rigas et al., 1990; Manoharan et al., 1993;
Yono et al., 1996; Ci et al., 1999).

Sample preparation is very easy. Samples can be prepared in gaseous, liquid, or solid
states (solutions, viscous liquids, suspensions, nonhomogeneous solids or powders)
(Colthup et al., 1975). The technique can be applied to the analysis of any kind of
biological material and it is not limited to the physical state of the sample. The
amount of sample required is relatively small and it is a non-destructive technique
(Haris & Severcan, 1999; Melin et al., 2000; Cakmak et al., 2003). It provides a

precise measurement method, which does not require any external calibration.

In FTIR spectroscopy, rapid data acquisition and qualitative interpretation is
possible. Moreover, due to different technology of FTIR spectroscopy, it is possible
to examine the functional groups that are not accessible with ultraviolet and visible

light absorption spectrometers (Freifelder, 1982).

Attenuated total reflectance (ATR) Spectroscopy functions by sending a wave to the
sample through an ATR crystal, which is usually Germanium, Silicon, Zinc selenide
(ZnSe) or diamond. In this technique, sampling is simpler and non-destructive

because the sample need not be mixed with another material.

1.2.2.3. Attenuated Total Reflectance (ATR) FTIR Spectroscopy

In FTIR spectroscopy, IR beam passes through the sample whereas in ATR
spectroscopy the beam is totally reflected at the interface of the two surfaces. The
beam then contains spectral information about the sample fixed onto the reflection

element.

An attenuated total reflection FTIR spectroscopy measures the changes that occur in

an internally reflected infrared beam when the beam comes into contact with a
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sample. The infrared beam collides to an optically dense crystal with a high
refractive index at a certain angle. Then, an evanescent wave is formed beyond the

surface of the crystal which is in contact with the sample held on the crystal.

The sample must be in direct contact with the ATR crystal surface because the
evanescent wave only extends beyond the crystal. In regions of the infrared spectrum
where the sample absorbs the energy, the evanescent wave will be attenuated or
altered. This attenuated energy from each evanescent wave is passed back to the
infrared beam, which then exits the opposite end of the crystal. Then, the detector in
the infrared spectrometer detects that beam. The system generates an infrared
spectrum. In ATR-FTIR spectroscopy it is important to have a crystal with the
appropriate refractive index (Merket al., 1998; Dubis et al., 1999; Dubis et al.,
2001). The refractive index of the crystal must be greater than that of the sample.
For fresh and especially water-bearing plant materials the recent technique called
attenuated total reflectance (ATR) can be used for collecting spectrum of the leaf

structure.

Sample in contact with
the beam

—>

T \ Refracted beam
to detector

Infrared beam
ATR crystal

Figure 16. A multiple reflection ATR system
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1.2.2.4. The Use of FTIR Spectroscopy in Plant Classification and Identification

FTIR spectroscopy is a highly preferred technique in classification and identification
of plants. It has sensitive and non-invasive technology giving information about
chemical structure, molecular conformation and interactions between biomolecules,

rapidly.

In FTIR spectroscopy, the groups or the bonds of the molecules have characteristic
bands in an infrared spectrum. These characteristic bands are assigned to particular
groups in biomolecules. Therefore, the spectra obtained could be examined for

several groups depending on the group frequency.

Since FTIR spectroscopy enables the investigation of the vibrations originating from
biochemical components, such as lipids, proteins, nucleic acids, and carbohydrates,
identification can be done by infrared spectroscopy via searching for specific plant
components and chemical similarities in leaves, fruits or other parts of the plants.(Da
Luz, 2006). For instance, by using FTIR spectroscopy tomato cultivars can be
classified based on their sugar (glucose, fructose and sucrose) and organic acid (citric
acid, malic acid, tartaric acid, fumaric acid and succinic acid) contents (Beullens et
al, 2006). Also, detailed chemical composition of marama bean, which have
commercial importance, was analyzed by this technique (Holse et al., 2011). As
FTIR spectroscopy serves as a rapid alternative to chemical methods for
authentication and quantification of coffee products, Coffea Arabica and Coffea
Canephora variant Robusta were studied in order to compare their flavor qualities by

this technique (Kemsley et al., 1996).

In addition, phylogenetic discrimination of plant species was done based on their
biophysical profiles by infrared spectroscopy. For example, leaf samples of Rosaceae
family, Crassulaceae family, Apocynaceae family and Liliaceae family species and
varieties were studied by FTIR spectroscopy to determine their phylogenetic

relationships and they are classified depending on their FTIR spectra (Kim et al.,
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2004). In the other study, Ranunculus (Ranunculaceae), Acantholimon
(Plumbaginaceae) and Astragalus (Leguminoseae) genera species of Turkey were
studied and discriminated based on their compositional and structural differences in
their biomolecules (Gorgulu et al., 2007). Furthermore, cultivars of olives picked up
in the Moroccan region of Beni Mellal were subjected to a characterization and
classification study and they are separated into different classes based on their FTIR
spectral characteristics (De Luca et al., 2011). Moreover, the discrimination and
classification of allergy relevant pollens were studied by Fourier transform infrared
(FT-IR) microspectroscopy and different allergenic pollen taxa were classified based
on the infrared spectra (Dell’Anna et al., 2009). The pollen samples of order Pinales
have also been studied to classify and by using both the transmission FTIR
spectroscopy via KBr pellet and ATR-FTIR spectroscopy. In this study, it was shown
that biochemical similarities of pollen grains that belong to same genus or family
reflect similar features in corresponding spectra (Zimmermann, 2010).

There are also FTIR studies in which wheat species were studied. The presence of
Deoxynivalenol (DON), which is a mycotoxin produced by fungi, was searched with
Fourier transform near-infrared spectroscopy (FT-NIR) in durum and common wheat
(De Girolamo et al.,, 2009). The changes in protein content and amount were
monitored during maturation of developing grains of wheat non-destructively by near
infrared spectroscopy (NIR) (Gergely & Salgo, 2007). Since the technique is capable
of determining the composition of biological material, it was successfully used in
identification of cell wall materials of wheat (Saulnier et al., 2005; Guillon et al.,
2006).
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1.3. Objective & Justification of the study

The rust diseases are among the most catastrophic diseases of wheat which can cause
great amount of yield loss. From past to present, breeding efforts have been directed
to obtain durable resistance in cultivars that are also economically important.

In breeding studies, the cultivars that are determined to be resistant to a particular
disease are used in crosses between the susceptible, but with agronomically
important traits. Then, the new generation materials are backcrossed to the
susceptible parent and the resistant ones are selected from the following generation.
These resistant lines have both the required resistance to the disease under
consideration and the characteristics that are important in agricultural productivity.
However, these new resistant lines should be exposed to the rust disease pathogen in
field and the resistance should be confirmed. These breeding strategies take long
time, even years, which makes it difficult to obtain the desired cultivars because by
the time the pathogen could evolve and the hybrid obtained cannot recognize this
new pathotype. Because of these, the identification of cultivars as resistant or
sensitive is urgent. Hence, in this study we used FTIR spectroscopy, which gives

reliable and rapid molecular information.

This study aims to investigate the molecular differences between resistant and
sensitive RILs of stem rust and yellow rust diseases by using ATR-FTIR
spectroscopy. FTIR spectroscopy is a sensitive and rapid technique for molecular
structure and conformation and interaction studies. Besides, it is a non-invasive
method for classification and discrimination studies. By using FTIR technology, one
can obtain rapid and reliable data on the molecular structure and conformation of the

biological molecule under consideration.

Since the positions and areas of many of the infrared absorption bands can be
correlated with the presence of specific groups of atoms in the system studied

(Steele, 1971), it is possible to assign specific wavelength molecular absorption
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bands to specific vibrational modes of particular functional groups. In this study, the
same approach was applied to the spectra obtained. Thus, the goal in the study is to
search for any spectral difference in molecular absorptions and to determine whether
these can be used as molecular markers for the stem rust and yellow rust disease

resistance in durum wheat or not.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Plant materials, assessments of yellow and stem rusts

F6 recombinant inbred lines (RIL) which were developed in International Center for
Agricultural Research in the Dry Areas (ICARDA) in Aleppo, Syria were used in
this study. The population was developed from a cross of Kunduru-1149 and Cham-1
(Table 2) (Gogmen et al., 2003).

The female and male parents of the population developed are Kunduru-1149 and
Cham-1, respectively. Kunduru-1149 has cold tolerance and high quality of yield but
the yield of this parent is very low and also it is susceptible to the disease. In
contrast, male parent Cham-1 has cold susceptibility and the quality of the yield is
low, while it gives high yield and it is resistant to the disease (Go¢men et al., 2003).
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Table 2.Development of 150 lines of F6 progeny of Kunduru-1149 Cham-1cross
(G6¢men et al., 2003)

Kunduru-1149 X Cham-1
(female parent) (male parent)

F. generation

Selfing of 150 genotypes selected among F; generation to develop homozygote lines

L 2 B e e 148 149 150 (lines selected from F,)

. (F, generation developed
by selfing of Fy)

. (Fs generation developed
by selfing of F,)

. (F4 generation developed
by selfing of Fs)

. (Fs generation developed
by selfing of F,)

. (Fs generation developed
by selfing of Fs)

Seeds from F6 generation of 150 lines were obtained

The performance of 150 RILs and the parents were evaluated in previous studies
(Gogmen et al., 2003; unpublished thesis), to designate their resistance states to stem
and yellow rust diseases according to the modified Cobb Scale. In this scale, the
reaction intensity was evaluated from 1 to 100 and the lines were categorized as R
(resistant; necrotic areas with or without small pustules), MR (moderately resistant;
small pustules surrounded by necrotic areas, MS (moderately susceptible; medium-
sized pustules, no necrosis, but some chlorosis possible, S (susceptible; large
pustules, no necrosis or chlorosis). Then, this nomenclature is converted to
coefficient of infection values by using; R=0.2, MR=0.4, MR-MS=0.6, MS-MR=0.6,
MS=0.8, MS-S=0.9, S-MS=0.9 and S=1.0 for statistical analysis (Gé¢men et al.,
2003).
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2.2. Sample Selection & Preparation for ATR-FTIR spectroscopy

40 durum wheat RILs (20 stem rust resistant and 20 stem rust sensitive) were used
for spectroscopic analysis of stem rust disease and 40 durum wheat RILs (20 yellow
rust resistant and 20 yellow rust sensitive) were used for spectroscopic analysis of
yellow rust disease. These 40 RILs were grouped as resistant and sensitive cultivars
based on the results of previous studies (Go¢men et al., 2003; unpublished thesis on
stem rust). For each resistant or sensitive RIL, 3 randomly chosen seeds were
grounded by freeze grinder with the frequency of 17 for 2 minutes under liquid

nitrogen.

2.3. ATR-FTIR spectroscopy

In ATR-FTIR Spectroscopy measurements 0.1mg of each sample per each RIL is
used and 150 gauge pressure was applied. Infrared spectra were obtained using a
Perkin-Elmer Spectrum One FTIR spectrometer (Perkin-Elmer Inc., Norwalk, CT,
USA) equipped with a MIRTGS (Middle infrared TriGlycine Sulfate) detector.
Water and carbon dioxide molecules in the air affect the IR spectrum. To overcome
these problems the spectrum of air was recorded as background and subtracted
automatically by using appropriate software (Spectrum One software-Perkin-Elmer
Inc., Norwalk, CT, USA).

The spectra of samples were recorded in 4000-650 cm™ region at room temperature.
Each interferogram was collected with 100 scans at 4 cm™ resolution. Each sample
was scanned under the same conditions all of which gave identical spectra. At the
end of this process there were 3 replicates for every RIL from which FTIR spectra
were obtained. The average spectra of these three replicates for each individual were
used in detailed data analysis and statistical analysis. Collections of spectra and data

manipulations were carried out using Spectrum One software (Perkin-Elmer).
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The band positions were measured using wavenumber.corresponding to the center of
weight. Wavenumber can be denoted as frequency since there is a linear relationship
in between them. For area measurements Spectrum One software was used and the
area under the band curve was measured. For the determination of the variations in
the peak area and peak positions, each original spectrum was analyzed by using the
same software. The same software was also used for other spectral analyses
including baseline correction and normalization. The spectra were normalized with
respect to specific bands just for visual demonstration of the spectral differences in

the spectra.

2.4. StatisticalAnalysis

The frequency and area values of the average spectrum of each RIL were measured
and then averaged to be expressed as ‘mean of frequency/intensity + standard
deviation (SD). Resistant and Sensitive data were analyzed statistically using
parametric t- test with the Minitab statistical Software Release 13.0 program. A ‘p’
value less than or equal to 0.05 was considered as statistically significant. The degree
of significance was denoted as less than or equal to p<0.05*, p<0.01**, p<0.001***,

2.5. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is a multivariate statistical method which
generates a new set of variables, called principal components. Each principal
component is a linear combination of the original variables. All the principal
components are orthogonal to each other, so there is no redundant information. The
contributions from the original variables are represented as percentage for every
principal component. PCA analysis was performed using Matlab (R2011a, The
MathWorks, Massachusetts, USA). The programme uses the frequency and intensity
values recorded at every 1 cm™ intervals of the spectra of samples. Then, the PCA
plots of the desired spectral regions were obtained. The principal components

represent the variables at the spectral region under consideration.
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CHAPTER 3

RESULTS

3.1. General FTIR Spectra and Band Assignment of Durum Wheat RIL Seeds

Figure 17 demonstrates the representative infrared spectra of stem rust resistant and
sensitive groups in 4000-650 cm™ region. Figure 18 shows the representative
infrared spectra of yellow rust (stripe) resistant and sensitive groups in 4000-650 cm’
! region. The main bands were labeled in the figures and detailed band assignments
based on this study and other studies cited in literature were given in Table 3.

As seen from Figures 17 and 18, there are some minor differences in the area and
frequency values of the resistant and sensitive groups for stem and yellow rust
diseases, but they are not very apparent.
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Figure 17.The representative infrared spectra of resistant and sensitive groups of stem rust disease in the region between 4000-650cm™. (the

spectra were normalized with respect to the Amide A mode at around 3300 cm™)
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Figure 18.The representative infrared spectra of resistant and sensitive groups of yellow (stripe) rust disease in the region between 4000-

650cm™. (The spectra were normalized with respect to the Amide A mode at around 3300 cm™)



Table 3. General band assignment of FT-IR spectrum of plants based on literature

Wavenumber o .
Peak # (cr?l-i) umbe Definition of Spectral Assignments

1 3380 O-H and N-H group stretching vibration;carbohydrates,protein

2 3012 aC(j—:;:tretchmg of HC=CH groups in the fatty

3 2957 CHj3 asymmetric stretching:mainly lipids with a little
contribution from proteins, carbohydrates and nucleic acids

4 2922 CH; asymmetric stretching:mainly lipids with a little
contribution from proteins, carbohydrates and nucleic acids

5 2873 CHj3 symmetric stretching:mainly proteins with a little
contribution from lipids, carbohydrates and nucleic acids

6 2852 CH, symmetric stretching: :mainly lipids with a little
contribution from proteins, carbohydrates and nucleic acids

7 1733 Saturated ester C=0 stretch: phospholipids, cholesterol esters,
hemicellulose and pectin

8 1651 Amide | (protein C=0 stretch): protein and pectin

9 1555 Amide 11 (C=N and N-H stretching): mainly proteins

10 1446 C-H: cell wall polysaccharides
0O-H bending: cell wall polysaccharides, alcohols and

11 1415 carboxylic acids

12 1235 Amide I11 (C=N and N-H stretching): mainly proteins

13 1145 Cellulose(B-1,4 glucan)

14 1101 Antisymmetric in-phase:pectic substances

15 1073 Rhamnogalactorunan. B-galactan

16 1035 OH and C-OH stretching: cell wall polysaccharides(arabinan)

17 931 Starch

18 850 Starch
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3.2. Comparison of Stem Rust Resistant and Sensitive Durum Wheat Lines

FTIR spectral data were collected over the frequency range of 4000-650 cm™. In
order to display the details of spectral changes, the analysis was performed in two
distinct frequency ranges. The first range was 3700-2800 cm™ and the second one
was 1800-650cm™. Since all resistant and sensitive spectra are overlapped, this
reason, for the following discussions only one resistant and one sensitive spectrum

will be chosen as a representative spectrum of each group.

Figure 19 shows the infrared spectra of stem rust resistant and sensitive lines in
3700-3000 cm™ region. Figure 20 shows the infrared spectra of stem rust resistant
and sensitive lines in 3020-2800 cm™ region. As it could be seen from these figures
resistant and sensitive spectra exhibit some minor differences in peak positions and

peak areas.

Figure 21 demonstrates the infrared spectra of stem rust resistant and sensitive lines
in 1800-650 cm™*region. As it could be seen from the figure, the spectra exhibit some
minor differences in area and frequency values in this region. These differences will

be discussed more specifically.
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Figure 19.The representative infrared spectra of resistant and sensitive groups of
stem rust disease in the region between 3700- 3000 cm™. (The spectra were

normalized with respect to the CH, asymmetric stretching mode at 2926 cm™)
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Figure 20.The representative infrared spectra of resistant and sensitive groups of
stem rust disease in the region between 3020-2800 cm™. (The spectra were

normalized with respect to the CH2 asymmetric stretching mode at 2926 cm™).
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Figure 21.The representative infrared spectra of resistant and sensitive groups of
stem rust disease in the region between 1800-650 cm™. (The spectra were normalized

with respect to the Amide | at 1645 cm™).

On the basis of the spectra, PCA analysis was performed to see if resistance and
sensitive RILs could be differentially grouped. The results were demonstrated in
Figure 22. As seen in PCA plots based on different regions (3020-2800cm™; 2864-
2840cm™; 3700-650cm™; 1273-1213cm™; 3020-2800,1460-1445,1772-1722cm™),
durum wheat lines were grouped in discrete clusters according to principal
component 2. Although the resistant and sensitive lines were grouped in PCA plots,
some of the samples are separated from the groups and are not clustered with neither

sensitive nor resistant groups.
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Figure 22. Classification of Resistant and Sensitive Lines to Stem Rust using PCA
based on FTIR spectra. A. PCA plot based on 3020-2800 cm™ region. B. PCA plot
based on CH, symmetric stretching mode (2864-2840cm™). C. PCA plot based on
3700-650 cm™ region. D. PCA plot based on Amide 11l band (1273-1213cm™). E.
PCA plot based on C-H stretching region (3020-2800cm™), C=0 stretching 1460-
1445cm™) and CH, bending modes (1772-1722cm™). (*: Sensitive samples, «:
Resistant samples).
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Figure 22. (continued)
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3.2.1. Numerical Comparisons of the Bands of Stem Rust Resistant and

Sensitive Durum Wheat Lines

In order to understand the differences between groups, the means and the standard
deviations of the band areas and direction of the shifts with respect to sensitive group
were obtained for resistant and sensitive groups. Resistant group-means were
compared with those of sensitive group-means with the help of t-test and significance
values were calculated. The results of changes in frequency values were given in

Table 4, changes in band areas were given in Table 5.
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Table 4.Numerical summary of the detailed differences in the band frequencies of
resistant and sensitive spectra. The values are the mean = Standard Deviation for
each sample. The degree of significance was denoted as p<0.05*, p<0.01**,
p<0.001***,

BAND FREQUENCY
Band No | Stem Rust Resistant | Stem Rust Sensitive
1 3291.32+1.381 3291.60+1.56
2 3013.154+3.691 3011.50+3.29
3 2959.08+0.491 2959.30+0.70
4 2926,30+0,351 2926,50+0,41
5 2873,06+0,191 2873,08+0,33
6 2853,754+0,281 2853,92+0,52
7 1744.75+0.301 1744.90+0.59
8 1645.08+0.511 1645.19+0.51
9 1534.01+0.761 1533.75+1.67
10 1454.66+0.281 1454.49+0.25
11 1412.38+0.74**1 1411.65+0.81
12 1240.20+£0.271 1240.32+0.39
13 1147.68+0.271 1147.52+0.32
14 1104.43+£0.074 1104.47+0.07
15 1077.55+0.111 1077.54+0.13
16 1017.97+0.261 1018.12+0.34
17 929.70+0.221 929.96+0.48
18 851.42+0.341 851.34+0.65
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Table 5.Numerical summary of the detailed differences in the band areas of resistant
and sensitive spectra. The values are the mean + Standard Deviation for each sample.

The degree of significance was denoted as p<0.05*, p<0.01**, p<0.001***,

BAND AREA
Band No | Stem Rust Resistant | Stem Rust Sensitive
1 48.89+5.821 45.46+7.62
2 0.94+0.14*1 0.86+0.13
3 1.68+0.241 1.55+0.24
4 2.90+0.371 2.67+0.42
5 0.81+0.111 0.75+0.11
6 1.02+0.10*1 0.99+0.14
7 0.40+0.061 0.37+0.09
8 10.51+1.211 10.20+1.60
9 4.404£0.53***1 2.98+1.56
10 0.81+0.081 0.78+0.11
11 3.71+0.351 3.58+0.52
12 1.45+0.111 1.41+0.18
13 3.224+0.311 3.10+0.44
14 1.89+0.187 1.85+0.25
15 43840411 4.29+0.57
16 15.59+1.561 15.23+2.17
17 2.42+0.241 2.33+0.35
18 0.80+0.071 0.77+0,11
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3.2.2. Detailed Spectral Analysis

3.2.2.1. Comparison of Stem Rust Resistant and Sensitive Spectra in 3700-2800

cm™ Region

As seen from Figures 19 and 20 the 3700-2800 cm™ region contains several bands.
The band centered at 3291 cm™ (Amide A) corresponds to the OH and/or the NH
stretching mode of proteins and carbohydrates. The band centered at 3012 cm™
monitors stretching mode of the H-C=C-H vibrations. The other bands between
3050-2800 cm™ are in the C-H region. These bands are centered at 2959 cm™, 2926
cm™, 2873 cm™and 2853 cm™, and they monitor both CHs and CH, asymmetrical,
and both CH3 and CH, symmetrical vibrations, respectively (Melin et al., 2000;
Chang and Tanaka, 2002; Cakmak et al., 2003; Severcan et al., 2003, Cakmak et al.,
2006).

As it can be seen from the Table 5 there is an increase in the area of Amide A band
for resistant lines but this is insignificant. The frequency of the Amide A band shifted
slightly to a lower value in resistant lines from 3291.60 + 1.56 cm™ to 3291.32 +

1.38 cm™, which was insignificant.

The area of the band located at 3012 cm™, which is due to the CH stretching mode of
the HC=CH groups, can be used as a measure of unsaturation in the phospholipid
acyl chains (Takahaski et al., 1991; Melin et al., 2000; Liu et al., 2002; Severcan et
al., 2005). There was an increase in the area of this band for resistant lines (p<0.05%*).
The frequency of the band located at 3012 cm™ shifted slightly to a higher value for
resistant lines from 3011.50 + 3.29 cm™ to 3013.15 + 3.69 cm™, but this change was

insignificant.

The CH; asymmetric (2959 cm™), the CH, asymmetric (2926 cm™), and the CH,
symmetric (2853 cm™) stretching bands originate mainly from lipids, whereas the

CHs (2873 cm™) symmetric stretching band originate mainly from proteins (Mantsch,
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1984; Severcan et al. 1997; Severcan et al., 2000; Severcan et al., 2003, Cakmak et
al., 2006). For resistant lines there was a slight increase in the areas of the CHj3
symmetric stretching vibrations. The frequency of CH3z asymmetric and symmetric

bands in resistant group shifted to lower frequencies but these shifts are insignificant.

The CH; stretching vibrations depend on the degree of conformational disorder;
therefore they can be used to monitor the average trans/gauche isomerization in the
system (Mantsch et al., 1984; Severcan, 1997; Bizeau et al., 2000). Their band
frequencies increase with the introduction of gauche conformers in the fatty acyl
chains (Rana et al., 1990; Schultz et al., 1991; Melin et al., 2000; Cakmak et al.,
2003; Cakmak et al., 2006)

As seen in Table 5, the areas of the CH, asymmetric and symmetric stretching
vibrations located at 2926 cm™ and 2853 cm™ respectively, increased in resistant
lines. This increase is significant for the CH, symmetric stretching mode (p<0.05%*).
The frequency of CH, asymmetric stretching band shifted to a slightly lower
frequency value in resistant lines from 2926.50 + 0.41 cm™ to 2926.30 + 0.35 cm™
and the frequency of the CH, symmetric stretching band shifted to a lower frequency

value but these changes are not significant (Table 4).

The amount of proteins and lipids in the membranes is an important factor affecting
the membrane structure and dynamics (Szalontai et al., 2000). From the FTIR
spectrum, lipid-to-protein ratio can be obtained by the ratio of the areas of the bands
that stem from lipids and proteins (Table 6). As seen in Table 6, the ratio of the area
of the CH, asymmetric stretching band to the area of the CH; symmetric stretching
band which gives lipid-to-protein ratio is same in both resistant and sensitive groups.
The lipid-to-protein ratio can also be calculated as the ratio of the sum of the areas of
the CH, asymmetric and symmetric stretching bands to the area of the CHg
symmetric stretching band which is lower in resistant group. Another value for lipid-
to-protein ratio is the ratio of CH, symmetric and CH3 symmetric stretching mode

areas. On the contrary, this value is higher in resistant groups (p<0.05%).
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Table 6.Numerical summary of the detailed differences in the lipid-to-protein ratios
of stem rust resistant and sensitive spectra. The values are the mean + Standard
Deviation for each sample. The degree of significance was denoted as p<0.05*,
p<0.01**, p<0.001***.

Ratio of PeakAreas

(lipidto protein) Resistant Sensitive

CH; Asym. /

CH, Sym. 3,57+0,06 3,57+0,06

1,34+0,02*1 1,32+0,02
Sym.

CH,Asym.+

4,90+0,07 4,98+0,35
sym.

3.2.2.2. Comparison of Stem Rust Resistant and Sensitive Spectra in 1800-650

cm™ Region

Figure 21 demonstrates the normalized infrared spectra of stem rust resistant and
sensitive lines in 1800-650 cm™ region. 1800-650 cm™ frequency range, which is
called as the fingerprint region, includes several bands that originate from the
interfacial and head-group modes of the lipids and from the protein and carbohydrate
vibrational modes (Mendelsohn & Mantsch, 1986).

The band centered at 1744 cm™ is mainly assigned to the >C=0 ester stretching
vibration represents ester-containing compounds in membrane lipids (cholesterol
esters), cell wall pectin, and hemicellulose (Yang & Yeng, 2002; Melin et al., 2000;
Jamin et al., 1998). There is a decrease in the frequency of this band in resistant

group while an increase in band area is observed.
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The bands at 1645 and 1533 cm™ are attributed to the amide | and 11 vibrations of
structural proteins. The band centered at 1645 cm™ (amide I) corresponds to the C=0
stretching and the C-N stretching (% 60) vibrational modes weakly coupled with the
N-H bending (% 40) of the polypeptide and protein backbone and the band located at
1533 cm™ (amide 11) is assigned to the N-H bending (% 60) and the C-N stretching
(% 40) modes of proteins (Melin et al., 2000; Takahashi et al., 1991; Wong et al.,
1991; Haris & Severcan, 1999; Cakmak et al., 2003). The band areas of amide | and
amide Il bands increased in resistant lines but this increase is significant for only
Amide 1l band (p<0.001***) (Table 5). There was a slight shift in the frequency of
Amide | band to lower values from 1645.19 + 0.51 cm™ to 1645.08 + 0.51 cm™
(Table 4). For Amide Il band there is a slight increase in frequency from 1533.75 +
1.67 to 1534.01 + 0.76 cm™. As it was shown in Table 6, there was a narrowing in
the bandwidths of both Amide | and Amide 11 bands for the resistant group but these
changes are not significant.

An increase in the area of the band at 1454 cm™, which is assigned to the C-H group
of carbohydrates (Dalvi et al., 2000), is observed for resistant lines. As seen from
Table 4, there was a shift to a higher value in the frequency of this band.

There is an increase in O-H bending band frequency in resistant lines from 1411.65 +
0.81 to 1412.38 + 0.74 cm™ (Table 4). This band is assigned to cell wall
polysaccharides, alcohols and carboxylic acids. In the area of this band no

significant change is observed.

The band located at 1240 cm™ is the result of Amide 111 vibrations, more specifically
it originates from C=N and N-H stretching of mainly proteins. While a decrease is
observed in band frequency, for area of this band there is a slight increase, which are

both insignificant.

The band centered at 1147cm™ is assigned to be B-1,4 glucan units of Cellulose. The

slight increases in both of its frequency (Table 4) and area (Table 5) are not
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significant. As it can be seen from Table 4, the band located at 1104 cm™ is assigned
to pectic substances which are composed of high homogalacturonan content
(Kacurokova et al., 2000). The band at 1077 cm™ can be specific for both

rhamnogalactorunan and -galactan (Bestard et al., 2001).

3.3. Comparison of Yellow (Stripe) Rust Resistant and Sensitive Durum Wheat

Lines

FTIR spectral data were collected over the frequency range of 4000-650 cm™. In
order to display the details of spectral changes, the analysis was performed in two
distinct frequency ranges. The first range was 3700-2800 cm™ and the second was
1800-650cm™. All resistant and sensitive spectra are overlapped. For this reason, for
the following discussions only one resistant and one sensitive spectrum will be

chosen as a representative spectrum.

Figure 23, figure 24 and figure 25 show the infrared spectra of yellow rust resistant
and sensitive lines in 3700-3000 cm™, 3020-2800 cm™ and 1800-650 cm™ region,
respectively. As seen from these figures resistant and sensitive spectra exhibit some
minor differences in peak positions, peak heights and widths in this region. These

differences will be discussed in detail.
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Figure 23.The representative infrared spectra of resistant and sensitive groups of
yellow rust disease in the region between 3700- 3000 cm™. (The spectra were

normalized with respect to the CH, asymmetric stretching mode at 2926 cm™).
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Figure 24.The representative infrared spectra of resistant and sensitive groups of
yellow rust disease in the region between 3020-2800 cm™. (The spectra were

normalized with respect to the CH, asymmetric stretching mode at 2926 cm™).
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Figure 25.The representative infrared spectra of resistant and sensitive groups of
yellow rust disease in the region between 1800-650 cm™. (The spectra were

normalized with respect to the Amide | at 1645 cm™).

On the basis of the spectra, PCA analysis was performed for different spectral
regions (3700-650 cm™; 3700-3020 cm™; 1272-1214 cm™) which were represented
in Figure 26. Regarding 3700-650 cm™ frequency range, Amide A and Amide Il
bands the durum wheat lines are clustered as resistant and sensitive groups according
to principal component 2. . Although the resistant and sensitive lines were grouped in
PCA plots, four of the samples are separated from the groups and are not clustered

with either sensitive or resistant group according to Amide A.

59




3700-650 cm+1

0.15r
0.1
9 ® 25
s wete "o
X L
~ 0.05 %ié ° 27
S &1 028 29
g i "
3 or 5 ® 32,3
o ° 34
o 40 L ° 3738 o1 * 3% .3
S -0.05- k-2 Sensitive Lines ©30, 4
g ® 40
o
£ ol
T )
-0.15 Resistant Lines
*1
-0.2 L r r r ' :
-4 2 0 2 4 6 8
Component 1 (100 %) X 105
x10° 3700-3020 cm-1 Amide A
4r . ) .
Sensitive Lines %%) Resistant Lines
3 [
L7 .
2 o 29 25
s 0 26
o | #1I o 972
=) ?;K 4 o 2829
13
= o *2
@ ¥q K12 o 37
c - 5 °
S 1l % .
£ *3 T ° 32
3 Y 3%8 33
2 *:8 b .
o= ® 40 e 34
7
3+ - e 35
® 36
-4 r r r r r r L
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15

Component 1 (99.9 %)

Figure 26. Classification of Resistant and Sensitive Lines to Yellow Rust using PCA
based on FTIR spectra. A. PCA plot based on 3700-650 cm™ region B. PCA plot
based on Amide A band (3700-3020 cm™) C. PCA plot based on Amide 11l band

(1272-1214 cm™) ( *: Sensitive samples, «: Resistant samples).
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Figure 26. (continued)

3.3.1. Numerical Comparisons of the Bands of Yellow Rust Resistant and
Sensitive Durum Wheat Lines

In order to understand spectral differences between resistant and sensitive groups, the
means and the standard deviations of the band areas and direction of the shifts with
respect to sensitive group were obtained for resistant and sensitive groups. Resistant
group means were compared with those of sensitive group means with the help of t-
test and significance values were calculated. The results of changes in frequency

values were given in Table 7 and changes in band areas were given in Table 8.
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Table 7.Numerical summary of the detailed differences in the band frequencies of
resistant and sensitive spectra. The values are the mean = Standard Deviation for
each sample. The degree of significance was denoted as p<0.05*, p<0.01**,
p<0.001***,

BAND FREQUENCY
Band No | Yellow Rust Resistant | Yellow Rust Sensitive
1 3291.84+1.77*1 3292.93+1.12
2 3011.95+3.661 3011.39+3.70
3 2959.04+0.841 2959.06+0.43
4 2926.00+0.20*! 2926.17+0.24
5 2873.19+0.141 2873.28+0.29
6 2853.54+0.111 2853.49+0.13
7 1744.71+0.381 1744.88+0.42
8 1645.05+0.481 1644.90+0.59
9 1534.146+0.881 1533.55+1.03
10 1454.52+0.211 1454.63+0.24
11 1411.30+0.521 1411.31+0.72
12 1240.31£0.251 1240.27+0.40
13 1147.85+0.181 1147.68+0.36
14 1104.51£0.071 1104.50+0.09
15 1077.454+0.131 1077.36+0.18
16 1017.954+0.241 1017.79+0.24
17 929.93+0.431 929.82+0,20
18 851.26+0.571 851.55+0,81
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Table 8.Numerical summary of the detailed differences in the band areas of resistant
and sensitive spectra. The values are the mean + Standard Deviation for each sample.

The degree of significance was denoted as p<0.05*, p<0.01**, p<0.001***,

BAND AREA
Band No | Yellow Rust Resistant | Yellow Rust Sensitive
1 46.43+5.021 51.87+18.22
2 0.80+0.091 0.90+0.33
3 2.29+0.231 2.58+0.94
4 3.02+0.311 3.36+1.23
5 0.77+0.074 0.86+0.31
6 1.02+0.10! 1.14+0.42
7 0.29+0.051 0.30+0.14
8 10.08+1.121 11.30+4.30
9 4.18+0.471 4.75+1.90
10 1.53+0.141 1.71+0.61
11 2.11+0.201 2.36+0.84
12 1.40+0.121 1.57+0.56
13 3.17£0.311 3.47+1.13
14 3.10+0.311 3.40+1.14
15 4.63+0.461 5.10+£1.72
16 16.01+1.721 17.58+5.76
17 2.27+0.231 2.53+0.85
18 0.77+0.071 0.85+0.28
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3.3.2. Detailed Spectral Analysis

3.3.2.1. Comparison of Yellow Rust Resistant and Sensitive Spectra in 3700-
2800 cm™ Region

As seen from Figures 23 and 24, the 3700-2800 cm™ region contains several bands
whose band assignments were discussed in previous results part. As it can be seen
from the Table 8 there is a decrease in the area of Amide A band for resistant lines
but this is not significant. The frequency of the Amide A band shifted slightly to a
lower value in resistant lines from 3292.93 + 1.12 cm™ to 3291.84 + 1.77 cm™
(p<0.05*) (Table 7).

There was a slight increase in the frequency and a slight decrease in the area of
olefinic band at 3011 cm™ for resistant lines but these changes are not significant.

For resistant lines there was a slight decrease in the frequencies of the CHj
asymmetric and symmetric stretching vibrations as shown in table 7. The areas of
CHgz asymmetric and symmetric bands in resistant group also shifted to lower values
but these shifts are insignificant (Table 8).

As seen in Table 8, the areas of the CH, asymmetric and symmetric stretching
vibrations (2926 cm™ and 2853 cm™ respectively), decreased in resistant lines. The
frequency of CH, asymmetric stretching band shifted to a slightly lower frequency
value in resistant lines from 2926.17 + 0.24 cm™ to 2926.0 + 0.20 cm™(p<0.05*)
(Table7). The frequency of the CH, symmetric stretching band shifted to a higher
frequency value but this change is not significant.

From the FTIR spectrum, a precise lipid-to-protein ratio can be derived by
calculating the ratio of the areas of the bands arising from lipids and proteins. As it is
seen from Table 9, the ratio of the area of the CH, asymmetric stretching band to the

area of the CH3; symmetric stretching band which gives lipid-to-protein ratio is lower

64



in resistant ones. Also the lipid-to-protein ratio could be calculated as the ratio of the
sum of the areas of the CH, asymmetric and symmetric stretching bands to the area
of the CH3; symmetric stretching band, which is higher in resistant group. The last
value for lipid-to-protein ratio is calculated as the ratio of CH, symmetric and CH3
symmetric stretching modes which is slightly higher in resistant group.

Table 9.Numerical summary of the detailed differences in the lipid-to-protein ratios
of yellow rust resistant and sensitive spectra. The values are the mean + Standard
Deviation for each sample. The degree of significance was denoted as p<0.05*,
p<0.01**, p<0.001***,

Ratio of Peak Areas

(lipid to protein) Resistant Sensitive

CH; Asym. /

CH, Sym. 3,92+0,05] 3,95+0,21

1,33+0,021 1,32+0,02
Sym.

CH, Asym.+
CH, Sym. / CH;, 5,32+0,31% 5,22+0,07
sym.

3.3.2.2. Comparison of Yellow Rust Resistant and Sensitive Spectra in 1800-650

cm™ Region

The second frequency range under consideration was that of 1800-650 cm™ region.
The 1800-650 cm™ frequency range, which is called as the fingerprint region,
includes several bands that originate from the interfacial and head-group modes of

the lipids and from the protein and carbohydrate vibrational modes (Mendelsohn &
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Mantsch, 1986). Figure 25 demonstrates the normalized infrared spectra of yellow

rust resistant and sensitive lines in 1800-650 cm™ region.

There was a decrease in the frequency of >C=0 ester stretching vibration band,
which is centered at 1744 cm™, in resistant group together with a decrease in band

area (Tables 7 & 8). These changes were not significant.

The band areas of amide | and amide Il bands decreased in resistant lines but this
increase was not significant (Table 8). There was a slight shift in the frequency of
Amide | band to higher values from 1644.90 + 0.59 cm™ to 1645.05 + 0.48 cm™. For
Amide Il band there was a slight increase in frequency from 1533.55 + 1.03 to
1534.14 + 0.88 (Table 7).

A decrease in the area of the band at 1454 cm™, which is assigned to the CH,
bending mode of protein and lipids (Manoharan et al., 1993; Cakmak et al., 2003),
was observed for resistant lines. As seen from Table 7, there was a shift to a lower

value in the frequency of this band.

There was a decrease in O-H bending band frequency in resistant lines from 1411.31
+ 0.72 to 1411.30 + 0.52 cm™ (Table 7). In the area of this band there is a slight

decrease but not significant.

The band located at 1240 cm™ is the result of Amide 111 vibrations. While an increase
was observed in band frequency, for area of this band there was a slight decrease,
which are both insignificant (Tables 7 & 8).

The band centered at 1147cm™ is assigned to be p-1,4 glucan units of cellulose. The

slight increases in frequency and decrease in area of this band were not significant
(Tables 7 & 8).
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As it can be seen from Table 7 the band located at 1104 cm™ is assigned to pectic
substances, which are composed of high homogalacturonan content (Kacurokova et
al., 2000). The band at 1077 cm™ is specific for both rhamnogalactorunan and f-
galactan (Bestard et al., 2001). The changes in frequency and area values of these
bands were not significant.
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CHAPTER 4

DISCUSSION

As it was explained in detail in the introduction chapter, fungal diseases of plants are
among the catastrophic diseases of plants and rust diseases are the most devastating
fungal diseases of wheat. Stem rust and yellow rust epidemics has resulted in great
yield losses all over the world. The races of pathogenic rust fungi that are capable of
overcoming resistance genes of wheat species has been demonstrated for these rust
diseases. Researches have been directed to obtain durable resistance to these rust
diseases. The breeding strategies for obtaining resistant cultivars take long time and
need significant efforts. The identification and discrimination of the resistant

cultivars are crucial to prevent these devastating diseases.

Hence, the present study investigates the characterization of resistant and sensitive
durum wheat lines to fungal diseases stem and yellow rusts by ATR-FTIR
Spectroscopy. The differences in frequency and area values of resistance and

sensitive groups were examined.

4.1. Discussion on Resistant and Sensitive RILs to Stem Rust Disease

In PCA, the samples were separately grouped as resistant and sensitive. For the full
range of the spectra (3700-650 cm™) except for the 8 resistant samples, the sensitive
and resistant groups were clustered together according to the principal component 1
which explains 73.4 % of the variables. For amide 111 band (1213-1273 cm™ region)
resistant and sensitive lines were clustered according to principal component 1 with
99.4 % although there were 4 resistant samples in the sensitive group. The C-H
stretching region (3020-2800 cm™) is the one that gave the most significant result for

PCA analysis. The resistant and sensitive groups were clustered according to the
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principal component 1 which reflects 99.2 % of the variables. Thus, Principal
Component analysis can be used in discriminating the resistant and sensitive groups

of stem rust disease.

In infrared spectroscopy, the signal intensity, more accurately the band areas in
absorption spectra give information about the concentration of related functional
groups (Freifelder, 1982; Toyran & Severcan, 2003; Toyran et al., 2004). There
observed significant changes for olefinic, CH2 symmetric stretching, Amide Il and

OH bending bands for stem rust disease.

As seen in Table 5, there was a significant increase in the area of the olefinic
(3011cm™) band. The intensity of olefinic band can be used as a measure of
unsaturation in the acyl chains (Takahashi et al., 1991, Liu et al., 2002; Severcan et
al., 2005). The increase in area of this band indicates an increase in the population of
unsaturation in acyl chains of lipid molecules. This increase in unsaturation state
might indicate the high amount of unsaturated lipids or decrease in end products of
lipid peroxidation (Kinder et al., 1997). Actually oxidative processes occur in
hypersensitive reaction in wheat-rust interactions after infection. An increase in lipid
peroxidation has been shown in infected plants (Abdou et al., 1993). Thus, it is
expected to have decrease in lipid peroxidation products since the infection may be

aborted by means of necrosis in resistant lines of wheat.

There was also a significant increase in the area of CH, symmetric stretching
vibration. This increase may be a result of increase in lipid content of resistant group.
The band centered at 1534 cm™ is Amide Il. As seen in Table 5, there was a
significant increase in the area of amide Il band in resistant lines of durum wheat to
stem rust disease indicating an increase in total protein content of the resistant group.
According to this result, there may be an increase in protein content in resistant line
seeds compared to sensitive ones. The increases in lipid and protein contents of the
resistant group might be related to the response mechanisms of the host wheat plant

to the fungal pathogen. It was shown that some leaf rust resistant genotypes and the
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resistant crosses of Triticum aestivum had thicker epidermis and leaf lamina and
more number of epidermal cells than the sensitive ones (Gelalcha & Hanchinal,
2003). There may be structural differences also in seeds of wheat so that the protein

and lipid contents are higher for resistant lines.

The band centered at 1412 cm™ is due to the O—H bending vibration of alcohols and
carboxylic acids (Dalvi et al., 2000). There was a significant shift for frequency of
this band to higher values. This may be related to the lignification process.
Lignification has been proposed to be a response mechanism in fungal infections of
plants (Hijwegen, 1963). It was shown that induced lignification is an important
mechanism in disease resistance (Vance et al., 1980; Ride, 1983). Lignin is a
complex compound which may include carboxylic acids and alcohols in its structure.
It crosslinks with the cell wall components (Liyama et al., 1994) and take role in cell
wall strengtening. Therefore, in resistant lines, there may be an increase in lignin

production, thus, an increase in carboxylic acids and alcohols.

4.2. Discussion on Resistant and Sensitive RILs to Yellow Rust Disease

In PCA (Figure 26), the samples were grouped as resistant and sensitive for 3700-
650 cm™ region, Amide A and Amide Il bands. For 3700-650 cm-1 region the
groups were successfully separated according to the principal component 2
representing 100 % of the variables. For Amide A band the sensitive and resistant
lines were grouped according to principal component 2 representing 99.9 % of the
variables, but four of the samples were not clustered in these groups. For Amide |11
band the groups were clustered according to principal component 2 explaining 99.5
% of the variables except one resistant sample which is seen in sensitive group. Thus,

Principal Component analysis can be used for discriminating these two groups.
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There observed two significant changes for resistant group to the yellow rust disease.
For Amide A band (3291 cm™) there was a significant shift in the frequency to a
lower value. This shift may suggest an increase in hydrogen bonding (Krimm &
Bandekar, 1986). The increase in hydrogen bonding could be related with the
stability of proteins since hydrogen bonds are important in secondary and tertiary
structure of proteins. Thus, it can be concluded that resistant lines have more
stabilized proteins in their seed structures. This may be related with the sensing or
response mechanisms of the disease since receptors and enzymes are all proteins.

In Figure 25, the C-H region (3020-2800 cm™) is seen and contains absorptions
arising from the C-H stretching vibrations. As seen in Table 8, there is a significant

decrease in the area of CH, asymmetric stretching (2926cm™) band.

CH, asymmetric stretching band is correlated with the order/disorder state of
membrane lipids. It is known that the increase in band frequency of CH, asymmetric
stretching band is correlated with the introduction of gauche conformers into the
fatty acyl chains in membrane structure (Melin et al., 2000; Cakmak et al., 2003;
Toyran & Severcan, 2003). The results showed that the CH, asymmetric stretching
band frequency was significantly lower for resistant lines. The lower frequency for
CH, asymmetric stretching mode implies a more ordered membrane structure
because it was composed of less gauche conformers but more trans conformers in the
fatty acyl chains of membrane phospholipids. This can be again explained by the fact
that the pathogen and the host interacts at membrane which aids in sensing and
response mechanisms. Since, it was shown that membrane order and phospholipid
structure nay be related to the function and the activities of proteins in membrane
(Poon et al., 1981; Carruthers & Melchior, 1988; Yeagle, 1989). Thus, it can be
concluded that the protein activities of resistant lines may be affected by the

membrane order, which may further affect the resistance mechanisms to the disease.
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CHAPTER S

CONCLUSION

The results of the present study indicated that RILs of durum wheat used in this
study, which of some are resistant to the particular rust disease and some are
sensitive, showed some spectral alterations, but most of which are not significant.
The observed changes in infrared spectra of resistant and sensitive durum wheat

seeds were reported in this study for the first time.

In PCA, successful results were obtained. For stem rust disease, 3700-650 cm™,
amide 111 band (1213-1273 cm™ region) and C-H stretching region (3020-2800 cm-1)
demonstrated significant results to discriminate resistant lines from sensitive ones.
For yellow rust disease, 3700-650 cm™ region, Amide A and Amide Il bands
showed significant results in PCA analysis. There are some samples that were not
grouped in either resistant or sensitive clusters. The reason for these exceptions may
be the uncertainties in identification process of the durum wheat lines as resistant and
sensitive. To a particular fungal disease, the reactions of lines to the diseases were
evaluated according to a scale by the observations of the disease symptoms present
on the plant. There may be ascertainment errors while observing these disease
symptoms. In addition there were durum wheat lines that were classified in
conversion to coefficient of infection values as MR (Moderately Resistant), MS
(Moderately Sensitive), MR-MS or MS-MR. Due to the scarcity of samples that are
completely resistant or completely sensitive, the lines, that are MR or MS, must have
been used in this study. This situation might have affected the results in an inaccurate
manner. Yet, the Principal Component Analysis provided substantial discriminating
power in classification of the resistant and sensitive lines of durum wheat to both rust

diseases.
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For stem rust disease, resistant durum wheat lines had a significant increase in the
population of unsaturation in acyl chains of lipid molecules, an increase in lipid and
in total protein content and also an increase in carboxylic acids and alcohols. For
yellow rust disease, resistant lines had a significant increase in hydrogen bonding
and they had also a more ordered membrane structure. These results may result from
the differences in resistance mechanisms, in which different sensing and response

pathways observed.

The results given in this study showed the differences in infrared spectra of resistant
and sensitive RILs to stem rust and yellow rust diseases. In addition, the results
demonstrated the discrimination of resistant lines from the sensitive ones by using
PCA. However, further research is necessary to analyze the molecular differences at
different developmental stages of both resistant and sensitive infected plants in order

to support the results of this study.
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