The Pennsylvania State University
The Graduate School
Department of Plant Biology

PROTEOMIC ANALYSIS OF MAIZE LEAF TISSUES FROM INBRED
LINES RESISTANT AND SUSCEPTIBLE TO FALL ARMYWORM,
SPODOPTERA FRUGIPERDA (J.E. SMITH)

A Thesis in
Plant Biology
by
Ramneek Kooner

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

December 2008

The thesis of Ramneek Kooner was reviewed and approved* by the following:

Dawn Luthe
Professor of Plant Stress Biology
Thesis Advisor

Surinder Chopra
Associate Professor of Maize Genetics

Yinong Yang
Associate Professor of Plant Pathology

Teh-Hui Kao
Professor of Biochemistry and Molecular Biology
Chair, Intercollege Graduate Degree Program in Plant Biology

* Signatures are on file at the Graduate School

ii

ABSTRACT
The main focus of this study was to gain deeper understanding of maize
resistance to fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith),
which is a serious pest in the southern United States. This study is primarily
aimed at investigating the protein complement in the maize mid-whorl, which
is the main larval feeding site. In the resistant genotype Mp708, a unique,
extracellular, 33-KDa cysteine protease (Mir1-CP) accumulates in whorl in
response to insect feeding, which retards the larval growth by attacking the
mid-gut region of the insect. On the other hand, the susceptible inbred Tx601
does not retard larval growth when compared to Mp708. In this study, our
objectives were 1) to identify differentially expressed proteins in the whorls of
resistant and susceptible genotypes before and after FAW feeding, and 2) to
identify proteins that are up/down-regulated in response to FAW feeding in
resistant and susceptible genotypes.
Comparative proteomics analysis, employing the use of gel-based tool,
two-dimensional Difference In-Gel Electrophoresis (2-D DIGE) coupled with
MS/MS MALDI-TOF, was used. Our results show that the resistant genotype
had elevated levels of antioxidant/detoxifying enzymes, which are induced
during abiotic stress compared to the susceptible genotype after infestation.
The stress-related proteins expressed in the resistant genotype such as

iii

glutathione S-transferase (GST) and S-adenosylmethionine synthetase have
shown to be induced by jasmonic acid (JA) (Xiang et al., 1996); and it is
already established that Mp708 resistant genotype constitutively has elevated
levels jasmonic acid. So higher levels GSTs and S-adenosylmethionine
synthetase in the resistant inbred implies higher induction of jasmonic acid
after infestation. On the other hand the susceptible genotype primarily
expressed heat shock proteins instead of other stress proteins. Proteomic
analyses to elucidate interactions within each genotype in response to larvae
were also performed. Interestingly, the proteins that were up-regulated in
resistant genotype after infestation were stress related proteins and the most
important proteins that were down-regulated included photosynthetic proteins
such as Rubisco small subunit etc. In case of the susceptible genotype, the
proteins that were up-regulated by larval infestation involved mostly the
metabolic proteins and those down-regulated included stress-related proteins.
Proteomic approaches detected and identified sets of proteins from midwhorl region of maize that are possibly engaged in the defense mechanism to
larval infestation. For this study we conclude that the mechanism of
resistance/susceptibility is rather complex and involves a broad range of
proteins, where the expression of stress-related proteins is very important to
maintain resistance.
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CHAPTER I
INTRODUCTION
Maize (Zea mays L) represents one of the most economically and
nutritionally important food crops. After wheat and rice, it is the third leading
cereal in world, along with being staple food for a significant proportion of
world’s population (Kellog, 2001). Maize, apart from being used as food and
livestock feed, is also used as a raw material for rubber, plastic, fuel and
clothing manufacture. The United States is the largest producer of maize in the
world composing nearly 40% of the total world production and generating
about 30 billion dollars annually (USDA, 1999).
Maize is a grass, which belongs to Poaceae family. It is a monoecious
plant with staminate (male) flowers borne in the tassel and pistilate (female)
flowers borne on the shoot. Its life cycle includes both vegetative and
reproductive stages and lasts about 125 days. It starts with seed germination,
plant growth and development and ending with desiccation of mature seeds
(Ritchie et al., 1986). By nature, maize is cross-pollinated crop, but it can be
manipulated to self-pollinate. Self pollination for several generations produces
identical homozygous plants called inbred lines. A hybrid on the other hand is
a single-cross between two homozygous lines. Hybrids are uniform in field and
are typically preferred by the farmers.
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Maize is a diploid species with genome size of approximately 2,500
Mb distributed on 10 chromosomes (2n = 20). Evolution of maize started 20
million years ago (MYA) when the diploid grass progenitor separated into two
separate lineages, one of which led directly to Sorghum bicolor (Gaut and
Doebley, 1997). About 11.5 MYA the two separated species hybridized,
doubling the genome size and forming allotetraploid species that gave rise to
maize. Even though maize genome reverted back to diploidy after loosing
some of the duplicated regions, during last 6 MYA it has extensively expanded
by repeated bursts of transposable elements (TE) amplification. TE’s comprise
up to 80% of maize genome (San Miguel et al., 1998).
Maize is native to America. It was domesticated in the highlands of
central Mexico about 10,000 years ago (Wang et al., 1999) and it spread into
diverse climate zones and throughout the world. Maize is believed to have
originated from a wild indigenous grass called teosinte (White and Doebley,
1998) from which it was cultivated by human selection. The domestication is a
process that involves selective cultivation of plants with fewer and larger ears
with more kernel rows, transforming an inedible grass into a valuable crop.
Today’s modern maize cultivars have been selected for desirable agronomic
traits such as high seed yield, better nutrient content, male cytoplasmic
sterility, etc.
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Since beginning of twentieth century, maize has served as a model
organism in studying the biology and genetics of monocotyledonous plants.
The possibility of controlled pollination, ease of crossing and generation of
large number of progeny (300-600 kernels per ear) are the events leading to
extraordinary natural phenotypic and molecular diversity of maize. The
diversity has a great potential for genetic research and agriculture and it has
been successfully applied to breeding programs. Geneticists were able to map
and identify many maize genes, discover transposable elements and uncover
genetic phenomena such as paramutation and imprinting (Russo et al., 1996).
By using knowledge about maize genes, researchers will be able to improve
maize resistance to pests and diseases, crop yields, nutritional value, and plant
adaptability to the environment. The information gained from the model plant,
maize, can be applied to related crops.
One of the most challenging problems of modern maize cultivars is
their susceptibility to herbivory. Maize has been under attack by chewing,
sucking and piercing insects for millions of years. Maize is able to correlate the
amount of volatile released with lepidopteran larval attack (De Mores et al.,
1998; Turnings et al., 1995; Turlings and Tumlinson, 1992; Engelberth et al.,
2004; Stettner et al., 2000). Maize genotypes resistant to lepidopteran pests
have been developed and genetic analysis indicates that resistance is a
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multigene trait regulated by several QTL (Brooks et al., 2005). Along with
volatile release studies, recent studies have shown the presence of additional
types of resistance in maize. An investigation by Pechan et al (2000) shows
that a unique 33-KDa cysteine protease (Mir1-CP) rapidly accumulates in the
whorls of maize (Zea mays L.) lines that have genetic resistance to leaf feeding
by Spodoptera frugiperda and other Lepidotera. Accumulation of Mir1-CP is
highest in yellow-green mid-whorl region and it increases in abundance for up
to 7 days after larval infestation (Pechan et al., 2000). Furthermore the
accumulation occurs more rapidly than any other insect-induced plant defense
proteins (Ryan, 2000). Yellow-green tissues have the greatest inhibitory effect
on larval growth; this is shown by the physiological studies where lepidoptera
larvae are less effective in converting their ingested and digested food into
body mass when feeding yellow-green tissues of resistant maize inbreds
(Chang et al., 2000). Larval growth is also reduced approximately by 70%
when larvae are reared on transgenic maize callus over-expressing Mir1-CP.
Recent studies indicate that the peritropic matrix (PM) of larvae reared on
yellow-green tissues of either transgenic maize leaves or its callus is severely
damaged (Pechan et al., 2002). Cracks, holes and fissures are evident in the
PM suggesting that Mir1-CP inhibits larval growth in vivo by attacking the PM
and disrupting the digestive process.
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The main goal of our research is to understand the differences between
the resistant Mp708 and susceptible Tx601 inbreds. What makes Mp708
resistant to fall armyworm larvae? In addition to Mir1-CP, other resistance
mechanisms have also been suggested with help of QTL analysis (Brooks et
al., 2005). By using proteomics approach we intend to identify proteins from
resistant and susceptible inbred lines that may contribute to differences in
response to fall armyworm infestation.
The objectives of this research are:
1. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of resistant and susceptible inbred lines before
infestation by Spodoptera frugiperda larva.
2. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of resistant and susceptible inbred lines after
Spodoptera frugiperda infestation.
3. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of resistant inbred before and after infestation.
4. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of susceptible inbred before and after infestation.
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CHAPTER II
LITERATURE REVIEW
Plant Defenses
Plants are surrounded by a multitude of enemies in nature. Due to their
stationary nature plants cannot move to escape these natural challenges. As a
result, plants have elegantly evolved mechanisms to defend themselves against
both biotic and abiotic stresses. Biotic stresses include fungi, bacteria,
nematodes, viruses and insects. Schultz, 2002, reported that crop losses caused
by insects are about 15% each year. So it is a challenge for scientists to
understand the strategies of plant-insect interactions. It has been shown that
pathogens and insects interrupt the photosynthesis in plants and viruses
successfully use the replication machinery at their host’s expense (Dangl and
Jones, 2001). Plants have been embattled in a war with chewing, sucking and
piercing insects for millions of years and they have evolved sophisticated
mechanisms to perceive these attacks, and to translate that perception into
adaptive response (Zhu-Salzman et al., 2005). But plants and their natural
enemies’ co-evolve, which means that every time the plant develops a new
resistance mechanism its enemies develop counter resistance to circumvent the
new plant resistance (Rausher, 2001).
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To protect themselves from herbivory, plants evolved two different
types of defense mechanisms: constitutive and induced. Constitutive defenses
change over long periods and sometimes even during the lifetime of an
individual plant. But they are not responsive to damage. Induced defenses as
the name suggests are induced in plants in response to different biotic and
abiotic factors. These responses may reduce herbivore survival, their
reproductive ability or even preference for the plant. But the inducible
responses may not always benefit the plant, as these plants may do less well
than the ones that do not respond at all (Karban and Baldwin, 1997). Structural
constitutive defenses include cuticle, trichomes, spines (modified leaves), and
bark. Chemical constitutive defenses include secondary metabolites such as
isoprenes, phenolic compounds, and alkaloids (Taiz and Zeiger, 2006).
Inducible defenses, on other hand, arise as a result of invasion by pathogens,
phloem feeders, sucking insects and chewing insects. Most of these invasions
have shown to induce two types of signaling pathways, -the jasmonic acid and
salicyclic acid pathways (McConn et al., 1997; Moran and Thompson, 2001;
Thaler et al., 1999). Upon invasion by an incompatible pathogen, a process of
programmed cell death, which contains the microbe and stops further
replication, also designated as hypersensitive response (HR) is initiated. This
response may also induce salicylic acid (SA) production. SA in turn induces
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number of proteins that combine to provide enhanced defense by limiting the
spread of invading virulent pathogens (systemic acquired resistance – SAR).
Some of these proteins are called pathogenesis-related (PR) proteins and
include chitinase, peroxidase, phytoalexins and other antimicrobial proteins
(Moran and Thompson, 2001; Thaler et al., 1999). On the other hand, McConn
et al., 1997 reported that jasmonic acid is induced upon wounding by chewing
insects and its signals production of proteinase inhibitor proteins (PINs).
Proteinase inhibitors disrupt digestion in the gut of insects that feed on the
leaves after initial wounding.
The spotlight of our study to examine damage caused chewing insects.
Chewing induces a wound response that includes the production of protease
inhibitors and phenolic compounds that act as antifeedants (Dangl and Jones.,
2001; Ryan and Jagendorf., 1995). The wounded site also releases volatiles,
which attract insects for feeding, oviposition herbivore settling, growth and
development; this strategy helps plant to reduce their enemies by inviting their
predators. The herbivore-induced volatiles are released both during day and
night but in plants like tobacco several volatiles are specifically released during
the night that repel the female moths and prevent them from laying eggs on
previously damaged plants (De Moraes et al., 2001). Chemical signals are
released as an active physiological process which is triggered by substances in

8

the oral secretion of herbivores (Turlings and Tumlinson., 1992; Schultz,
2002). Maize leaves have been shown to release mixture of volatiles in
response to elicitors present in the regurgitant of beet armyworm larvae. These
releases are not only from the damaged leaves but also from the undamaged
leaves of infested plants. This suggests that defense signals are produced at the
site of damage and mediated throughout the whole plant (Turlings and
Tumlinson, 1992).
Fall Armyworm (Spodoptera frugiperda)
Fall armyworm, Spodoptera frugiperda (J.E. Smith), a major pest of
corn, Zea mays L, is native to southern and western United States. The life
cycle of fall armyworm (FAW) includes the dome shaped eggs that hatch into

A

B

Fig 2.1 Fall armyworm damage to corn, (A) corn leaf / whorl damage,
(B) ear damage. (Pictures by USDA)
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larvae that have six instars. These larvae generally develop into pupa in the soil
and finally into adult moths. The most typical damage by FAW is consumption
of foliage. Damage is initiated, when the young larvae start consuming leaf
tissue from one side yet keep the opposite epidermal layer intact. Second or
third instar larvae begin to make holes in leaves and eat from the edge of the
leaves emerging from the whorl. The oldest larvae cause widespread
defoliation leaving just ribs and stalks of late pretassel corn plants which gives
them a ragged or torn appearance (Roberts et al., 1999). Fig 1.1 shows the
damage to corn plants by FAW larvae.
A report by Marenco et al., (1992) indicated that early whorl stage,
mid-whorl and late whorl stage are least, intermediate and most sensitive to
injury, respectively. These kinds of losses have resulted in major economic and
ecological problems, by decreasing the supply of food to a growing world
population (Boulter, 1993).
Management
Until late 90’s, foliar sprays with chemical pesticides were the most
popular way of controlling FAW larvae. Approximately, 44% of total chemical
pesticide expenditure in early 90’s was for controlling Lepidopteran insects
(Bartel and Hutchison, 1995). But this insecticidal control has never been
adequate because of the inappropriate timing of application. So it became
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important to have not only effective, but also environmentally safer insect
control. This quest was answered by the development of transgenic plants for
controlling lepidoteran pests that were transformed with the gene for Bacillus
thuringiensis (Bt) toxin (Boulter, 1993).
Bacillus thuringiensis is a common microorganism in soil that has been
used as a biological pesticide. B. thuringiensis is a ubiquitous gram-positive
bacteria, which has the ability to produce crystalline inclusions during
sporulation. The proteins within these crystals are toxic to insects and are
called Cry proteins or Bt toxins (De Maagd et al, 2001; Estruch et al., 1996)
The action of Cry proteins involves solubilization of crystal in the
insect midgut followed by the proteolytic processing of the protoxin by midgut
proteases. After proteolysis Cry proteins bind to the midgut receptors and its
toxic effect is mediated by insertion into the apical membrane that creates the
pores causing death. (Gill et al., 1992; Chahal and Gosal, 1999). But for these
protoxins to be active they must be consumed by susceptible insects. For
lepidopteran insects, protoxins are soluble in alkaline conditions of insect
midgut. Reduced solubility of protoxins is a potential mechanism for insect
resistance to the toxin(Schnepf et al., 1998).
Starting in mid-1980s, Bt was thought to be highly effective for
controlling lepidopteran pests, but different species show different levels of
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resistance to Cry proteins. The identification of several genes involved in
insect resistance to Bt crystal proteins has lead scientists to evaluate the
sustainability of this technology (Tabashnik et al., 2008; Liu et al., 1999).
Cysteine Proteinase
Insect-resistant maize inbreds (Mp704, Mp708 and others) were
developed using Antiguan germplasm obtained from CIMMYT (International
Maize and Wheat Improvement Center) and is designated MBR (Multiple
Borer Resistant) lines. These lines are resistant to FAW and other lepidopteran
insects (Williams et al., 1990; Williams and Buckley, 1992).
Chang et al., (2000) determined that larvae reared on resistant (Mp704
and Mp708) material weighed less and took longer to pupate than the ones
reared on artificial diet or susceptible (Sc229 and Tx601) maize whorls. When
larvae were reared on resistant plants, even the pupae were smaller than those
reared on artificial diet or susceptible plants. Because their growth rate is
slower, larvae that feed on resistant material in the field are more vulnerable to
pathogens and predators. Further study indicated that larvae fed on yellowgreen whorl tissue from resistant plants had lower growth rate and lower
efficiency of conversion of both ingested and digested food into body
substance than those fed on similar tissue from susceptible genotypes (Chang
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et al., 2000). This suggested that there is some component of yellow-green
tissue that retards larval growth.
But this was not the first report to show such promising results. In
1983, Williams et al., showed that larval growth was retarded when they were
fed on callus initiated from resistant genotypes, suggesting some biochemical
differences between callus from resistant and susceptible inbreds. Jiang et al.,
1995 confirmed these results by 2-D gel analysis of calli from resistant and
susceptible inbreds. They showed that a 33-kD protein was abundant in
resistant and absent in susceptible callus. Amino-terminal sequence analyses
indicated that the 33-kD protein was likely a cysteine proteinase (Mir1-CP).
Segregation analysis of callus initiated from F2 progeny indicated that larval
weight and Mir1-CP content were negatively correlated which suggested that
Mir1-CP in resistant callus was responsible for retardation of larval growth.
Further analysis by Pechan et al., 2000 indicated that low
concentrations of Mir1-CP were constitutively present in the resistant whorl
tissue and that the levels dramatically increased in response to larval feeding.
Also larvae reared on Black Mexican Sweet (BMS) callus transformed with
mir1 gene and expressing the 33-kD cysteine proteinase, showed retarded
growth. Another important observation was the abundant accumulation of
Mir1-CP in the yellow-green mid-whorl region of resistant plants. These
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results suggested that these corn inbreds have a novel insect defense
mechanism that includes the up-regulation of a unique cysteine proteinase in
response to feeding by lepidopteran insects.
The peritrophic matrix (PM) surrounds the food bolus of most
anthropods (Peters, 1992). The PM is a membranous, extracellular, non-lipid
bilayer composed of glycoproteins, proteoglycans and chitin. The effect of
Mir1-CP expressed by in resistant and transgenic BMS plants on the insect’s
peritrophic matrix (PM) was observed with scanning electron microscopy
(SEM) and it revealed that the PMs of larvae fed on these tissues were severely
damaged (Pechan et al., 2002). The presence of tears, holes and perforations
on the endoperitrophic layer that was in direct contact with food suggested that
Mir1-CP attacks PM and impairs the digestive process resulting in inhibition
of larval growth (Pechan et al., 2002). Further extension of this study was
focused to directly determine the effects of Mir1-CP on the PM in vitro. The
results showed that PMs were completely permeabilized by Mir1-CP and
damage was proportional to in the concentration of Mir1-CP (Mohan et al.,
2006). In an another study, Lopez et al., 2007 showed that Mir1-CP
accumulates in maize vascular tissues in response to herbivory suggesting that
it moves via these tissues to defend the plant.
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Proteomics- Spectra of Gene Expression
With an avalanche of nucleotide sequencing, the next great promise by
scientists is to make sense of this amplitude of genomic data. So the focus is
now shifting from functional genomics towards the understanding the
functions of the gene products, the proteins. Proteins are different from genes.
Genes have sequences; proteins in addition to sequences also have structural,
biochemical and physiological functions. When genes undergo evolutionary
changes, the changes are manifested in their protein products. By studying
proteins we learn how organisms respond when protein structure or expression
is altered. Proteomics is rapidly growing area of molecular biology that is
concerned with the systematic, large-scale analysis of proteins. The term
‘proteome’ was first coined by Wilkins and co-workers and it represents
‘PROTEin complement encoded by genOME’ (Wilkins et al., 1995). The
proteome is a complex and dynamic entity that can be defined in terms of the
sequence, structure, abundance, localization, modification, interaction and
biochemical function of its components, providing a rich and varied source of
data. Transcriptional analysis at the genome level can predict mRNA
abundance but this often does not always correlate with protein abundance
(Twyman R. M, 2004, Gygi et al., 1999). The function of a protein depends on
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both its structure and interactions, neither of which can be predicted accurately
based on sequence information alone.
Proteomics became possible because of three profound achievements.
First, the growth of gene, Expressed Sequence Tags (EST) and protein
databases, followed by genome-sequencing projects for many organisms,
including the human genome. All of these yielded a wealth of protein sequence
information. Second, development of robust and highly sensitive mass
spectrometry instrumentation allowed for analysis of biomolecules with great
reliability. Third, powerful bioinformatics tools have been developed for
database browsing and mining.
The most general approach for proteomics analysis involves separation
of a protein mixture from a biological source by two-dimensional
electrophoresis (2-DE) or liquid chromatography (LC) and identification of
individual proteins by mass spectrometry (MS) (Schevchenko et al., 1996;
Wilkins et al., 1996). Proteins are then digested with a protease, typically
trypsin, to produce set of peptides with specific masses- ‘peptide mass
fingerprint’. Peptide ions then enter the mass spectrometer (either MatrixAssisted Laser Desorption Ionization (MALDI) (Karas and Hillenkamp, 1988)
or Electrospray (ESI) (Fenn et al., 1989),) and the mass to charge ratio (m/z) is
determined. Protein identity is determined by matching experimental peptide
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masses or sequences against those produced in silico for each protein in
database (Pappin et al., 1993; Mann et al., 2001). MS/MS is by now the most
reliable method for high confidence protein identification. Experimental
MS/MS spectra are interpreted either manually or by software, first without the
reference to any database. The likely amino acid sequence(s) is obtained which
can be used later for homology searches, providing valuable information about
protein being sequenced (Mann and Wilm, 1994).
Proteomics has been applied to various research areas, such as
medicine, agriculture, microbiology, plant and animal sciences. In medicine
proteomics helps to identify proteins that are differentially expressed in normal
and disease states, or before and after drug treatment, which may reveal the
disease mechanism and lead to development of new treatments (Hanash,
2003). Whereas in agriculture proteomics helps to identify highly valued
proteins that will improve the agronomic traits in developing plants, especially
the nutritional qualities or resistance to pathogens and other environmental
stresses.
Proteomics is very challenging (van Wijk., 2001). There are several
technical problems with proteomics that must be overcome. The first is
dynamic resolution which means that a given sample contains proteins ranging
from high to low abundance must be separated and detected. The second is the
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quality of protein extract. Due to the high sensitivity of MS, it is important that
the protein sample is as pure as possible to ensure meaningful results and
reduce time-consuming verification procedures. Third is the quantification of
protein expression. It is important to quantitatively determine up- and downregulation of protein expression. The last problem is the separation,
visualization and identification of hydrophobic membrane proteins.
Hydrophobic proteins easily aggregate and absorb to the surface of tubes and
vials and results in the loss of proteins during the analysis.
The development of new highly dynamic technologies for large-scale
proteomics have helped to overcome the above challenges. Large-scale
proteomics includes global protein profiling and proteome mapping. This is a
difficult task as the same genome can create a variety of different proteomes.
Most proteome projects include the use of 2-DE (O’Farrell, 1975). This also
was the sole method used in early 1980’s. Reproducibility of gels was
improved with introduction and perfection of strips with immobilized pH
gradients that are used instead of tubes for isoelectric focusing (IEF) in the first
dimension (Beranova-Giorgianni, 2003; Gygi et al., 2000). But 2-DE can still
be challenging, because it is time-consuming and labor intensive. It is also
biased against proteins that are low abundance, membrane-bound or that have
extreme pI values and molecular weights. The immense complexity of
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proteome demanded the development of a simpler, faster and more sensitive
technology that would overcome limitations of gel-based methods. These
include technologies like Multidimensional Protein Identification Technology
(MudPIT) (Link et al., 1999). It facilitates a rapid, reliable and unbiased one
step analysis of complex proteomes that includes low abundance proteins,
membrane proteins and proteins with extreme pI values and molecular weights.
But this profiling technique cannot adequately answer quantitative proteomic
questions, which represents the characterization of changes in protein
abundances between two biological samples.
Several techniques for relative and absolute protein quantification are
available. One of the techniques gaining popularity is 2-D Differential In-Gel
Electrophoresis (DIGE) (Unlu et al., 1997). In DIGE, two different protein
samples are labeled with different fluorescent dyes (Cy3 and Cy5), combined
and run on a single 2-D gel. In the same gel an internal standard is added
which is pooled mixture of all samples, labeled with Cy2. The strength of this
technology lies in the removal of gel-to-gel variation, which counts for a major
source of experimental error produced by conventional 2-DE. Quantification of
protein abundances is correlated with the intensities of fluorescence (van den
Bergh and Arckens, 2004; Alban et al., 2003; Kubis et al., 2003).
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Proteomics has been used extensively for both plant and non-plant
species. Proteomic studies have helped in understanding various phenomena
such as identification of components of eyespot apparatus, photoreceptors,
phototaxis, chemtaxis and other metabolic pathways within the eyespot
apparatus of green modal algal, Chlamydomonas reinhardtii (Schmidt et al.,
2006). This study lead to the identification of nearly 1000 proteins, and
detailed analysis of a targeted protein, casein kinase1(CK1). This study
showed that CK1 is essential for the flagella movement in response to light.
Also, silencing of CK1 resulted in disturbances in hatching, flagella formation
and circadian control of phototaxis. Many studies have also been done in
mammalian protein projects. Baker et al., (2005), used DIGE to identify the
post-translational modifications that occur during sperm maturation in
mammals (rats). They found proteins spots that were significantly modified as
sperm transverse the epididymis. In another experiment, DIGE was used to
understand the mechanism of spermatogenesis in rats (Rolland et al., 2007)
Plant Proteomics
Although plant proteomics emerged in the early 1980s, it became an
active research area only after completion of genome sequences of Arabidopsis
and rice and the rapid progress in EST sequencing for many other plant
species. Plant proteomic studies have focused mainly on the mapping of
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proteomes of various organs, tissues, cellular compartments and comparative
proteomics under varying experimental and environmental conditions. TwoDE has been successfully used to identify proteins from Arabidopsis tissues
including leaf, stem silique, seedling, seed, root and inflourescence (Giavalisco
et al., 2005) and for barrel medic (leaves, stems, roots, flowers, seed pods and
cell culture) (Mathesius et al., 2001; Watson et al., 2003).
Many proteomic studies have been directed towards understanding the
protein composition in different cellular compartments. A study by Peltier et
al., 2000, focused on identification of soluble and peripheral proteins in the
thylakoids of peas. An extended proteomic analysis of molecular masses and
hydrophobic properties of photosystem II (PSII) light harvesting proteins in
spinach, petunia, pea, tomato, tobacco, cucumber, soybean, maize, rice and
barley has also been reported (Zolla et al., 2003). Other studies were done on
Arabidopsis cell wall (Chivasa et al., 2002), leaf peroxisomes (Fukao et al.,
2002) and chloroplasts (Kleffman et al., 2004). Proteins were also identified in
castor bean endoplasmic reticulum (Maltmann et al., 2002), wheat amyloplast
(Andon et al., 2002), and maize chloroplast (Lonosky et al., 2004).
Several other plant proteomes are available. Alvarez et al., (2006)
characterized the maize xylem sap proteome. Also the functional
differentiation of bundle sheath and mesophyll maize chloroplasts was
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determined by comparative proteomics (Majeran et al., 2005). Proteomics has
also been applied to understanding seed development in Medicago truncatula
and its relationship to reserve accumulation (Gallardo et al., 2003).
Differential display proteomics has helped to reveal the changes in
protein expression under diverse environmental and other stress conditions.
Proteome changes were detected in maize seedling during anoxia (Chang et al.,
2000), Arabidopsis seedlings under high light stress (Phee et al., 2004),
Medicago in response to auxin (van Noorden et al., 2007), wild-type versus
gibberellin-deficient Arabidopsis seeds during germination (Gallardo et al.,
2002), rice plasma membrane proteins in response to chitooligosaccharide
elicitors (Chen et al., 2007) and white clover leaves during senescence (Wilson
et al., 2002).
A few proteomic studies have also addressed the question of changes in
protein expression during plant interactions with pathogens and insects and
during abiotic stresses. DIGE was used to monitor the gradual changes in
Arabidopsis proteins in response to long and short-term cold stress (Amme et
al., 2006). A similar study was performed in rice to analyze the heatresponsive proteins in leaves (Lee et al., 2007). In response to pathogens like
Fusarium oxysporum, tomato xylem sap showed dramatic changes in levels of
known and novel PR proteins (Rep et al., 2002). Pechanova (2006) analyzed
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differential proteome changes in maize cobs in response to Aspergillus flavus.
Phloem sap proteins were also identified and their roles in interaction between
plants and sucking and piercing insects was discussed (Kehr J., 2006).
Proteomics has now taken its position as a powerful scientific tool for
elucidating connections between the genome and organism complexity.
Proteomic studies have focused on collecting high quantity and quality data
from variety of species under varying conditions. The aim is to give
directionality to post-genomic era research by combining what is known about
genes and proteins with bioinformatics to develop systems biology models.
Hence this will give us a virtual tour of a living entity and greater
understanding of its behavior.
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CHAPTER III
MATERIALS AND METHODS
Plant Material and FAW rearing
Maize (Zea mays L.) genotypes that were used in this project are the
resistant and susceptible inbreds Mp708 and Tx601 respectively. Mp708 is an
inbred line that was developed from the cross of Mp704 x Tx601 and
consequent selfing with emphasis on selection of reduced leaf feeding with
each cycle (Williams and Davis, 1982; Williams et al., 1990). It was
designated as the MBR line (Multiple Borer Resistant). Mp708 has the unique
characteristic of accumulating a defensive cysteine protease, Maize insect
resistance 1-cysteine protease (Mir1-CP), at the feeding site (Pechan et al.,
2000). Seeds for these genotypes were provided by W. Paul Williams (USDAARS, Mississippi State). The plants were grown in pots in greenhouse at
University Park, PA until they were at V8 stage, approximately 4-5 weeks old.
Fall armyworm, (S. frugiperda) larvae were reared in department of
Entomology, Pennsylvania State University and larval eggs were provided by
W. Paul Williams (USDA-ARS). Larvae were reared on artificial diet until
they reach the 4th instar and then used for infestations. Five FAW larvae of
fourth instar stage were placed in each whorl of both inbred lines and allowed
to feed. Samples were collected from feeding sites of the yellow-green sections
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of the whorls after 24 h. Yellow-green sections were selected based upon the
measurement of the chlorophyll in the whorl. Chlorophyll range of the yellow
region was from 0.0-3.0; yellow-green was from 5.0-16.0 and green was from
18.0-25.0. The average measure of yellow-green whorl tissue used for leaf
samples was 11.0. Similar samples were collected from the uninfested control
inbred lines. These harvested samples were either immediately frozen in liquid
nitrogen for grinding or stored at -80ºC to avoid any protein degradation.
Protein Extraction
Proteins were extracted by a phenol-based procedure using a few
modifications (Hurkman and Tanaka, 1986) as follows: 3g of frozen sample
was ground to fine powder using a 2000 GenoGrinder (Spex SamplePrep). One
and one half volume of Tris-saturated phenol pH 8.0 and 1.5 volume of phenol
extraction buffer (0.9M sucrose, 0.5 M Tris-base, 0.05 M Na2- EDTA, 0.1 M
KCl, 2% β-mercaptoethanol, pH 8.7) was added to the tissue powder and
homogenized for 10 min. The homogenate was then centrifuged at 2,500x g for
30 min. The phenol phase was collected (which is the top layer if sucrose is
added), the volume was recorded and proteins were extracted by adding equal
volume of phenol extraction buffer. After 10 min of shaking, the mixture will
be centrifuged again at 2,500 x g for 30 min. This process was repeated three
times. After the last extraction, protein was precipitated from phenol phase
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with 5 to 10 volumes of methanol containing 0.1 M ammonium acetate and 1
% β-mercaptoethanol and washed three times with ice-cold 80% acetone. Each
wash was followed by centrifugation at 2,500 x g for 5 min. After the last
acetone wash, the pellet was air-dried for 10 to 15 min and dissolved in 1ml of
lysis buffer (8 M urea, 4 % CHAPSO and 30 mM Tris-HCl pH 8.5), the
protein was then concentrated by using the Nanosep 3K Omega Centrifugal
Devices (PALL, Life Sciences, Ann Arbor, MI) and quantified with 2-D Quant
Kit (Amersahm Biosciences, Piscataway, NY).
Sample Preparation and CyDye Labeling for 2-D DIGE experiment
Three biological replicas of each genotype were used to run DIGE.
Experimental design for one six-gel DIGE experiment is depicted below. After
quantification protein samples were labeled with the Cy dyes. Protein samples
were labeled with minimal CyDyes as follows: 50 µg of uninfected susceptible
inbred was labeled with Cy3 and 50 µg of uninfected resistant inbred was
labeled with Cy5. There was a 50 µg of internal standard, which consisted of
equal amounts of each from twelve samples (12 mix) with Cy2. During
labeling 100 pmol of CyDye was added to 50 µg of protein sample, mixture
was incubated on ice and in the dark for 30 min. Then 1 µl of 10 mM lysine
was added and incubated on ice and in dark for additional 10 min. For the
analytical gel, 50 µl of Cy3 labeled uninfected susceptible inbred, 50 µl of Cy5
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labeled uninfected resistant inbred and 50 µl of internal standard were pooled
(total 150 µg of protein) and sample/rehydration buffer (9.5 M urea, 1 % DTT,
4 % CHAPSO and 0.2 % ampholine: 0.16 % ampholine pH 5-10 and 0.04 %
ampholine pH 3-10) was added to make the final volume of 440 µl. A similar
procedure was followed for infested resistant and susceptible samples. Samples
for preparative gels were made by running each unlabeled sample on a
different 2-D gel. Gel 1 contained 1 mg of unlabeled protein from uninfected
resistant Mp708 and gels 2, 3 and 4 contained the same amount of protein from
infected resistant Mp708, uninfected susceptible Tx601 and infected
susceptible Tx601, respectively. These gels were stained with Coomassie blue
to be used for spot picking for mass spectrometry analysis.
2-D DIGE
Isoelectric focusing (IEF) was carried out in PROTEAN IEF CELL
(Bio-Rad, Hercules, CA) on 11 cm IPG strips with non-linear 3-10 pH range
(Bio-Rad, Hercules, CA). One hundred and fifty µg of Cy3/Cy5/Cy2 labeled
protein sample was loaded on each strip and active rehydration (hydration of
dry strips before focusing with sample in buffer) was performed at 23°C for 12
h. Focusing of proteins was performed at 23°C for a total of 65,000 Volt-hours.
IPG strips were then equilibrated in equilibration buffer (6M urea, 0.375 M
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Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, 5% β-mercaptoethanol, a trace of
Bromophenol Blue) for 15 min.

A)

Gel 1

Gel 2

control

Gel 3

control

infested

control

infested

infested

IS

IS

IS

Mp708

control

control

infested

control

infested
IS

infested
IS

IS

Tx601

Fig 3.1 Experimental Design for Setup of DIGE

For the second dimension, equilibrated IPG strips were loaded on
Criterion Precast Gel (Bio-Rad Labs) for 11 cm x 8.5 cm x 1.0 cm gradient
gels containing a 10-14.5% (w/v) polyacrylamide gradient with a 4% of
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acrylamide stacking gel. Electrophoresis was carried out in a vertical Criterion
Cell Unit/ Protean Dodeca Cell (Bio-Rad, Hercules, CA) at 150 V/gel.
Gel imaging and data analysis
Both analytical and preparative gels were scanned on FX Molecular
Imager (Bio-Rad, Hercules, CA). Analytical gels were scanned using three
different channels due the presence of three different dyes. Excitation/emission
wavelengths for different dyes are as follows: 532nm/580nm for Cy3,
633nm/670nm for Cy5 and 488nm/520nm for Cy2. All gels images were
subjected to two kinds of analyses, both qualitative and quantitative using
PDQuest 2-D Analysis Software Version 8.0 (Bio-Rad, Hercules, CA) that
performed fully automated image detection, matching and comparative
analysis to obtain relative quantization of proteins. Statistical analysis included
Student’s T-test to calculate significant differences in protein abundances
between resistant and susceptible genotypes and control versus infested plants.
Protein spot picking and in-gel digestion
Any differentially expressed proteins that exhibited at least a 2-fold
change (increase or decrease) in protein expression and spots that were unique
to either resistant or susceptible inbred lines or control versus infested were
manually picked. Cutting of proteins was done in dust free environment. The
commassie stained gels were placed on clean glass plate and each spot of
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interest was cut with specialized sterile blades. These gel pieces were put into
individual 1.5ml Protein LoBind Eppendorf tubes. These sample gel pieces
were kept at 4°C until further use. Excised samples were then sent to the Life
Sciences and Biotechnology Institute at Mississippi State University for further
analysis. Protein plugs were put into 100 µl of water in 96-well plates and
subjected to automated in-gel digestion on ProPrep (Genomic Solutions, Ann
Arbor, MI) robotic digester/spotter. The resulting peptide mix was desalted
with C18 Zip Tips and spotted on MALDI plate in the solution of 70% ACN,
0.1% TFA and 5 mg/ml matrix (alfa-cyano-4-hydroxycinnamic acid).
Mass spectrometry and protein identification
Mass spectra were collected on ABI 4700 MALDI TOF-TOF mass
spectrometer (Applied Biosystems, Foster City, CA), and protein identification
(ID) was performed using the Result Dependent Analysis (RDA) of ABI GPS
Explorer software, version 3.5. Some of the crucial parameters were set as
follows: MS peak filtering: 800-4000 m/z interval, monoisotopic, minimum
S/N=10, mass tolerance = 150ppm. MS/MS peak filtering: monoisotopic,
minimum S/N=3, MS/MS fragment tolerance = 0.2 Da. After initial MS scan,
the data was analyzed as peptide mass fingerprinting (PMF) and preliminary
protein ID was done by search against the cumulative database called ProtIDer
that contains translated ESTs and protein sequences from monocots. The
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ProtIDer database was developed by McCarthy et al. 2006. Proteins with high
confidence ID (Cross Confidence Interval C.I. % > 95%) were automatically
selected for “in silico” digestion and their three strongest corresponding
peptides-parent ions present in the MS spectra were selected for MS/MS
analysis- 1. RDA (top protein confirmation). The sample spots not yielding
high confidence preliminary PMF ID (and/or after 1. RDA) were subjected to
2. RDA- selecting first 15 strongest parent ions in the MS spectra for MS/MS
analysis. The spectral data from the PMF (initial MS scan), 1. and 2. RDA
MS/MS, were together analyzed in combined MASCOT search against PIE
database. Only proteins with total protein score C.I.%> 95% were considered
as a positive ID.
ProtIDer database
Mass spectra were searched on a cumulative database called ProtIDer
that contained translated ESTs and protein sequences from monocots such as
maize, sorghum, wheat, barley, rye and eudicots such as soybean, lotus,
tomato, potato, cotton, barrel medic, and iceplant (McCarthy et al., 2006).
Proteins with at least a 95% confidence interval were used for further analyses.
Protein identification
Proteins were classified using Gene Ontology (GO). GO Annotations
were performed in a local database that had GO numbers downloaded from
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AmiGO (http://www.godatabase.org) and GRAMENE
(http://www.gramene.org).
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CHAPTER IV
RESULTS
The goal of this study was to determine if there were differences in
protein expression in the yellow-green region of the maize whorl from inbred
lines that were resistant and susceptible to fall armyworm feeding and identify
the proteins that were different. We used a comparative gel-based proteomic
approach employing 2-D Difference In-Gel Electrophoresis (DIGE) and as
working material, 24 hr fed and unfed leaves from caterpillar resistant and
susceptible maize genotypes, Mp708 and Tx601, respectively.
To monitor protein abundance in whorls from the two genotypes, DIGE
analysis was performed as described in “Materials and Methods”. By using the
described experimental design and PDQuest software (BioRad) we were able
to simultaneously compare protein profiles from leaf tissues of two inbred
lines. For resistant versus susceptible comparisons, we grouped three images
from the resistant inbred lines together and three from the susceptible inbred
lines together. This enabled us to monitor differences in protein abundances
between the resistant and susceptible groups from both control and those
infested with fall armyworm larvae. This revealed a total of 63 differentially
expressed protein spots, with a 2-fold (p<0.01) increase or decrease in protein
spot volume. Among them, 33 protein spots were more abundant in the
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resistant group and 30 protein spots were more abundant in susceptible group.
From these, seven protein spots exhibited shifted positions on 2-D maps.
Figure 4.1 shows representative two-color merged images of Mp708/Tx601
and their individual images labeled with Cy3 and Cy5 dyes.
Mp708/Tx601

Figure 4.1

Mp708(Cy3)

Tx601(Cy5)

Representative images from 2-D DIGE experiment resistant
versus susceptible. Two-color merged image of resistant Mp708
(red) and susceptible Tx601 (green) and their individual Cy3and Cy5- labeled images.

Proteins more abundant in the whorl section of the resistant inbred
Thirty-three protein spots from maize mid-whorl tissue DIGE maps
were 2-fold more abundant in the resistant inbred when compared to the
susceptible inbred before and after larval infestation. All spots were subjected
to sequencing with MS/MS and database query and all but two spots were
successfully identified. Out of 33 proteins spots, 5 spots were more abundant
in resistant Mp708 compared to susceptible inbred Tx601 before larva
infestation whereas 26 proteins more abundant in Mp708 after larva infestation
in comparison to Tx601.
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Resistant versus susceptible whorls prior to larval infestation
Five proteins that are abundant in resistant inbred are illustrated in
Figure 4.2 (A) and their protein identities are presented in Table 4.1.a together
with a corresponding spot number on 2-D map, physicochemical
characteristics, number of matched peptides and possible involvement in
biological process assigned by Gene Ontology and NCBI searches.
These proteins belong to different groups. One of the important
proteins that was 2-fold more abundant in the resistant inbred is a stressinduced protein, superoxide dismutase (spot 4205) which has been shown to be
responsive to oxidative stress (Finnie et al., 2002; Sengupta et al., 1993). Other
proteins identified that were more abundant in Mp708 than Tx601 prior to
herbivory were involved in metabolism (Rubisco small subunit - spot 6005),
protein folding (putative peptidylprolyl isomerase – spot 6209) and transport
(putative mitochondrial ATPsynthase - spot 2207). Mitochondrial
ATPsynthase is a key enzyme that provides cells with ATP by using the
transmembrane electrochemical proton gradient to drive synthesis of ATP. In
an interesting study, overexpression of mitochondrial ATPsynthase small
subunit gene (AtMtATP6) in Arabidopsis increased its resistance to salts,
drought and oxidative and cold stresses (Zhang et al., 2008). According to their
interpretation, it is possible that induction of ATPsynthase plays a role in stress
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tolerance. Whereas the protein spot identified as putative r40c1 protein rice
(spot 6512) had no specific function assigned by Gene Ontology but a Pubmed
search clearly indicated that this protein is specifically present in mesocotyl of
T-CMS lines (Type T – Cytoplasmic Male Sterility) but absent in maintainer
lines of maize (Zhang et al., 2007).
Resistant versus susceptible after larva infestation
Twenty-six proteins that were more abundant in the whorl of leaves of
the resistant inbred after the fall armyworm infestation can be divided into four
groups. Figure 4.2 (B) shows the positions of some of these proteins on the
DIGE map and the list of their identities is shown in Table 4.1.b. One of the
important groups was that of stress-induced proteins such as glutathione Stransferase that included GST 14 (spot 7405), GST 13 (spot 7305), GST 9
(spot 7306) and GST IIIB (spot 6301). These proteins have been shown to be
stress induced in response to auxin (Labrou et al., 2001; Szczegielniak et al.,
2005). Another protein, S-adenosylmethionine synthase (spot 4601 and spot
4706) is ethylene-responsive, is also stress-induced (Espartero et al., 1994).
Other groups included various proteins with diverse molecular functions.
These include two oxidative stress proteins, four amino acid and derivative
metabolism proteins, three nucleotide, nucleoside and nucleic acid metabolic
proteins, five proteins involved in transport and one protein each for the
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secretory pathway and S-locus self-incompatibility. The exact function of
translation elongation factor eEF-1 beta chain is not known. But elongation
factors are important in protein biosynthesis. Some elongation factors are also
the target site for the inhibition of protein biosynthesis (Galasinski et al.,
1996). Additional proteins included two hypothetical proteins and four
predicted proteins from rice. Annexin p35 that has been shown to possess
catalase activity was also present at higher levels. Annexins play an important
role in cellular processes like membrane trafficking, ion transport, mitotic
signaling, cytoskeleton rearrangement and DNA replication (Clark et al.,
2001). Another protein with 2-fold abundance was the germin-like protein.
These are water-soluble extracellular proteins that are expressed in response to
some environmental and developmental signals. Even though their role in
overall metabolism has not been fully understood, analysis of their promoter
region has indicated presence of many elements including those for light
responsiveness, dehydration and dark-induced senescence, stresses (pathogen
and salt), plant growth regulators, pollen-specific expression and elements
related to seed storage proteins (Mahmood et al., 2007).
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7405

6512

4205

6209

B

4601

4706

7405

7305
7306
3203

Figure 4.2 Proteins more abundant in the resistant inbred Mp708. Representative 2D DIGE images of (A) control, Mp708(red) vs control Tx601(green), (B)
infested Mp708 (red) vs infested Tx601(green). Circled are few examples
of proteins that are at least 2-fold more abundant in Mp708.
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Table 4.1.a. Proteins more abundant in mid-whorl region of resistant inbred Mp708
(control) vs Tx601 (control)
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Table 4.1.b Proteins more abundant in mid-whorl region of resistant inbred Mp708
(treated) vs Tx601 (treated)
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Proteins more abundant in whorls of susceptible inbreds
Thirty-one protein spots from maize mid-whorl tissue DIGE maps were
2-fold more abundant in the susceptible inbred when compared to the resistant
inbred before and after larva infestation. All spots were subjected to
sequencing with MS/MS and database query. Out of 30 proteins spots, 3 spots
were more abundant in susceptible inbred before larval infestation and 27
proteins after larval infestation when compared to susceptible inbred Tx601
before and after infestation. Figure 4.3 shows positions of some of the
identified proteins in DIGE maps.
Susceptible versus resistant inbred before infestation
Three proteins were more abundant in mid-whorl leaves of susceptible
inbred before infestation when compared to resistant inbred. Annexin p35 (spot
7506) is the predicted proteins from rice. Annexin p35 has been shown to
possess catalase activity at higher levels. Dehydroascorbate reductase (spot
3307) has an antioxidant activity. It is also an important catalyst in ascorbate
biosynthesis. The fourth protein, catalase isozyme 3 (spot 6805) is involved in
metabolism but also reported to play role in defense and signaling.
Significantly higher catalase activity was determined in embryos, pericarp, and
rachis tissues of maize lines that are resistant and susceptible to Aspergillus
flavus infection (Magbanua et al., 2007). Figure 4.3 (A) shows the position of
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these spots on the DIGE maps. All four proteins are listed in Table 4.2.a along
with their theoretical MW and isoelectric point (pI), the number of matched
peptides and possible involvement in biological process assigned by Gene
Ontology are also shown.
Susceptible versus resistant inbred after infestation
Twenty-seven proteins were identified that were 2-fold more abundant
in the mid-whorl region of the susceptible inbred after infestation when
compared to the resistant inbred after infestation. Figure 4.3 (B) indicates the
position of few spots on the DIGE map. All proteins are listed in Table 4.2.b
along with their theoretical MW and isoelectric point (pI). The number of
matched peptides and possible involvement in biological process assigned by
Gene Ontology are also shown.
These proteins can be divided into several groups. An important group
showing increased abundance was the stress-induced proteins. The group
contains a stress responsive heat shock protein of 70 kD (spot 2802), abscissic
acid stress ripening protein, ASR1 (spot 7103), and ABA responsive protein
(spot 5208 and spot 6203) that are all shown to be induced by stress (Goldger
et al., 2007; Yang et al., 2005).
The second abundant group of proteins was the one involved in
photosynthesis. Four spots were identified as Photosystem II oxygen-evolving
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protein (spots 4205, 5302, 6304, 6205). Another important group that was
present involved transport proteins which included, a putative thylakoid-bound
ascorbate peroxidase (spot 4401) They also contributes to signaling pathways
upon slight fluctuations in the accumulation of hydrogen peroxide in
chloroplasts (Kangasjarvi et al., 2008). A voltage-dependent anion channel
protein (spot 7411) is a transport-associated protein. Another protein identified
was a putative quinone-oxidoreductase (spot 6201), which was reported to be
induced by antioxidant proteins (Chen and Blumberg, 2008).
The remaining proteins that were more abundant in susceptible inbred
were various proteins with diverse molecular functions involved mainly in
fundamental energy producing metabolic pathways and pathways associated
with photosynthesis like fructose-bisphosphate aldolase isoforms, Rubisco
large unit, nucleic acid binding protein etc.
Gene Ontology annotation of all 30 protein spots indicated that eleven
proteins were involved generally in metabolism, five in transport, including
electron transport, five in response to stress and one each in protein folding and
catabolism.
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Figure 4.3 Proteins more abundant in the susceptible inbred Tx601. Representative 2-D
Proteins shifted in mobility
DIGE images of (A) Tx601 control (green) vs Mp708 control (red), (B) Tx601
treated (green) vs Mp708 treated (red). Circled are few examples of proteins
that are 2-fold more abundant in Tx601.
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Table 4.2.a Proteins more abundant in leaves from susceptible inbred Tx601(control)
versus resistant Mp708 (control)
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Table 4.2.b Proteins more abundant in leaves from susceptible inbred Tx601(treated)
versus resistant Mp708 (treated)
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Proteins shifted in mobility
Comparative study of 2-D protein profiles of mid-whorl leaf tissues
from maize inbreds, revealed that some proteins were shifted in position on the
2-D map. Protein shifts are summarized in Table 4.3 and depicted in Figure
4.4. Most of the spots shifted in position were pI shifts. For example, a nucleic
acid binding protein precursor (box a), appears as two closely positioned spots
on two-color merged 2-D gel. PDQuest analysis shows the presence of this
spot in both resistant and susceptible inbred lines, but resistant has lower
molecular weight and more acidic form than susceptible which has higher
molecular weight and less acidic form of protein.
Serine hydroxymethyltransferase (box b), is a set three spots that show
position shifts on the 2-D map. This protein plays an important role in cellular
one-carbon pathways in the conversion of serine to glycine. The resistant
inbred Mp708 has more an acidic form than the susceptible inbred Tx601.
These spots also show quantitative differences with the resistant inbred
showing 2-fold greater protein abundance than the susceptible inbred. Another
pI shift was also noticed for R40g2 protein (box c) with resistant inbred
showing a more basic form than susceptible. A putative chaperonin 21 protein
(box d), showed a more acidic form in resistant Mp708 than susceptible
Tx601. Proteins shifted in position on 2-D maps are either products of different
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genes or different alleles of the same gene or they arise from post-translational
processing such as phosphorylation or glycosylation.
Table 4.3 List of leaf proteins that are shifted in positions on 2-D DIGE maps
Spot

Protein Identity

Shift type

a

Nucleic acid binding protein

MW and pI shift

b

Serine hydroxymethyltransferase

pI shift

c

R40g2 protein

pI shift

d

Putative chaperonin 21

pI shift

3

10

b

c

a

d

Figure 4.4 Proteins shifted in mobility. Boxed are the proteins spots that
exhibited position shifts on 2-D maps, Mp708 (red)/Tx601 (green).
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Unique proteins present in resistant and susceptible inbreds
A few qualitative differences, as shown by either the presence or
absence of a particular protein in either resistant or susceptible genotype, were
evident. These represented proteins that were present in one but absent in
other. This group included six proteins and their appearance on 2-D maps is
shown in Figure 4.5 and summarized in Table 4.4. Heat shock protein 70 (spot
2902), which is important for protein folding, protein translocation, and is
responsive to stress in almost all subcellular compartments of most organisms
was unique to resistant inbred. The putative magnesium-protoporphyrin IX
methyltransferase (spot 7402) is an essential protein for chloroplast
development and facilitates the signaling between chloroplast and nucleus
(Pontier et al., 2007). The nucleoside diphosphate kinase I (spot 7102) is
reported to show enhanced expression in rice in response to bacterial
pathogens (Cho et al., 2004). Both of these proteins were uniquely present in
the resistant inbred Mp708. Abscisic acid and stress-induced protein (spot
5210) is induced in response to various biotic and abiotic stresses. The putative
plastid-specific ribosomal protein 2 (PSRP-2) (spot 3302) is a ribosomal
protein that is specific to higher plant chloroplast ribosomes with the possible
role in recruiting of stored chloroplast mRNAs for active protein synthesis
(Yamaguchi and Subramanium, 2003). Both of these above proteins were
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uniquely present in the susceptible inbred Tx601. No identity was assigned to
one protein spot (6615).
Table 4.4 Whorl proteins that were either present (+) or absent (-) in the
resistant Mp708 or susceptible Tx601 genotypes.
Spot #

Protein Identification

Mp708

Tx601

2902

Heat shock protein 70

+

-

7402

Putative magnesium-protoporphyrin IX

+

-

methyltransferase
7102

Nucleoside diphosphate kinase I

+

-

5210

Abscisic acid and stress induced protein

-

+

3302

Putative plastid-specific ribosomal protein 2

-

+

6615

Unidentified

+

-

3

10

2902

6615
7402

3302

5210
7102

Figure 4.5 Proteins that were unique to a particular genotype, Mp708 infested
(red) vs Tx601 infested (green) are circled.
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Differential protein expression in response to fall armyworm in each
inbred
After infestation and fall armyworm feeding for 24 hours, 16 protein
spots were differentially expressed in resistant Mp708 (8 spots increased, 8
spots decreased) when compared to the Mp708 control. In Tx601, 18 protein
spots were differentially expressed (9 spots increased, 9 spots decreased) in the
treated compared to the control. Proteins are listed in Table 4.5a and 4.5b for
resistant and susceptible inbreds respectively along with theoretical MW and
pI, number of matched peptides and biological process. Figure 4.6 shows
examples of proteins that were up- or down- regulated in Mp708 and Tx601.
In the resistant inbred Mp708, several proteins were more abundant in
the infested plants when compared with the control. These proteins and their
putative functions are discussed below. Cytosolic glyceraldehyde-3-phosphate
dehydrogenase GAPC4, which catalyzes the oxidation of triose phosphates
during glycolysis has also been reported to be susceptible to protein
modification and oxidation (Holtgrefe et al., 2008) was more abundant in
treated whorl. An isoflavone reductase homolog IRL, which is important for
the biosynthesis of related phenylpropanoid-derived compounds that play
important role in plant defense, was more abundant. Two additional putative
defense proteins accumulated in response to herbivory, the drought inducible
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22 kD protein and a germin-like protein. The role of germin-like proteins
overall metabolism is not fully understood but analysis of their promoter
regions has indicated presence of many elements including those for light
responsiveness, dehydration and dark induced senescence, stresses like
pathogen and salt, plant growth regulators, pollen specific expression and
elements related to seed storage proteins expression (Mahmood et al., 2007),
putative gypsy-type retrotransposon protein. A putative thylakoid-bound
ascorbate peroxidase and glutathione S-transferases 12 and 9 which are
members of a group of antioxidant defense enzymes present in different cell
compartments, were more abundant in treated than the control. These enzymes
are more responsible for the scavenging harmful reactive oxygen species
(ROS). Proteins that were down-regulated in the resistant inbred, Mp708 after
infestation, were Rubisco large subunit, fructose-bisphosphate aldolase (the
chloroplast precursor as well as cytoplasmic isozyme) and photosystem I
reaction center subunit IV. All of these proteins interestingly are involved in
photosynthesis. This is of great interest as studies have shown that caterpillar
feeding appears to induce early senescence in Mp708 and the abundance of
Rubisco small subunits transcripts decreases by approximately 50% (Shivaji
et al., manuscript in review).

52

In the susceptible inbred Tx601, up-regulated proteins after infestation
included cytosolic glyceraldehyde-3-phosphate dehydrogenase GAPC4 and
isoflavone reductase homolog IRL, superoxidase dismutase and peptidylprolyl
isomerase. Among the proteins that were down-regulated were droughtinducible 22 kD protein, fructokinase 2, putative ascorbate peroxidase and DTDP-glucose dehydratase.
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(A)

3

pI

10

3407
4401
5203
4208

(B)

3407
4307
6209
5205
7103

Figure 4.6 Differentially expressed proteins in (A) Mp708 (treated), (B) Tx601
(treated). Circled are few examples of proteins that were up- and downregulated
CHAPTER
V after larval infestation.
CHAPTER IV
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Table 4.5.a Differentially expressed proteins in mid-whorl section of resistant, Mp708
(treated) versus Mp708 (control)

Table 4.5.b Differentially expressed proteins in mid-whorl section of susceptible,
Tx601 (treated) versus Tx601 (control)

55

CHAPTER V
DISCUSSION
Maize genotypes resistant to fall armyworm have been developed
during last few decades using classical plant breeding. Resistance has been
predicted to be a multigenic trait regulated by approximately 12 QTL (Brooks
et al., 2005). We are now using these genotypes and proteomic analysis to
identify proteins that might be involved in the resistance mechanism. One of
the proteins found in the yellow-green mid-whorl section of resistant genotype
of maize is Mir1-CP. To determine if there are other potential defense proteins,
we examined the yellow-green region of the mid-whorl section of resistant and
susceptible maize genotypes using the comparative proteomics. In this project
we used with leaf tissues from mid-whorl region of maize genotypes because it
is the primary feeding site for fall armyworm and other stalk boring
caterpillars. Only the yellow-green areas of leaf tissue were analyzed after 24
hrs of infestation. As a comparative tool, we used DIGE rather than
conventional 2-DE. DIGE offers several advantages, such as multiplexing of
samples and use of a pooled internal standard in each single gel that are crucial
for obtaining statistically significant data.
By using this gel-based technology we were able to simultaneously
screen protein expression in leaf tissues from two different maize inbreds, that
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are either resistant (Mp708) or susceptible (Tx601) to fall armyworm feeding.
Parallel investigations of 2-D profiles of proteins from resistant and susceptible
inbreds and their comparison is complicated due to presence of various protein
isoforms arising from different genes or alleles and/or post-translational
modification that are specific to particular genotypes. Therefore during
analysis with PDQuest software we grouped resistant and susceptible images
separately and performed resistant versus susceptible analysis. The other set
involved the comparison of control vs treated in both resistant and susceptible
genotypes. We have observed relatively strong differences in expression levels
of certain proteins. The discussion of these proteins can be divided into four
main sections.
A) Differences between resistant and susceptible genotypes before larval
feeding
B) Differences between resistant and susceptible genotypes after larval
feeding
C) Differences in resistant inbred before and after larval feeding
D) Differences in susceptible inbred before and after larval feeding
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Resistant versus susceptible before infestation
Proteins more abundant in resistant control
Not many proteins were found to be more abundant in resistant and
susceptible inbreds before infestation. A total of eight protein spots, five in
resistant and three in susceptible were more abundant in respective genotypes
when the controls were compared. Among the five proteins that were abundant
in the resistant control inbred were antioxidant enzymes such as superoxide
dismutase (SOD). It is a detoxifying enzyme and the Zn/Cu isoforms are found
in chloroplast. It has been shown that transgenic tobacco plants that
overexpress SOD are more resistant to photooxidative damage (Sengupta et
al., 1993). Also we found that the abundance of Rubisco small subunit was
greater in resistant when compared to susceptible inbred. It was interesting to
see that the abundance of Rubisco small subunit in the resistant control
genotype was higher than susceptible because transcripts for this
photosynthetic metabolic protein have been shown to decrease in response to
infestation in the resistant, but not the susceptible genotype (Shivaji,
unpublished). The putative r40c1 protein was more abundant in the resistant
than susceptible inbred and has 71% sequence homology to a stress-responsive
protein from wheat.
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Proteins more abundant in susceptible control
Before larval infestation, catalase isozyme 3, the enzyme that
dismutates hydrogen peroxide into water and oxygen, was found to be 2-fold
more abundant in the susceptible inbred (Havir and McHale, 1989). Annexin
p35, which also has been shown to possess catalase activity was present at
higher levels. Annexins are a diverse, multigene family of calcium-dependent,
membrane-binding proteins. They are multifunctional and play important role
in cellular processes like membrane trafficking, ion transport, mitotic
signaling, cytoskeleton rearrangement and DNA replication (Clark et al., 2001;
Blackbourn et al., 1992). Another protein that was 2-fold more abundant in the
susceptible inbred was dehydroascorbate reductase (DHAR). It has been
reported that overexpression of DHAR leads to increase in ascorbic acid,
which is one of the most abundant antioxidants in plants. It also leads to higher
level of chlorophyll and photosynthetic activity (Chen and Gallie, 2005).
Resistant versus susceptible after larval infestation
Proteins more abundant in resistant infested than susceptible infested
Twenty six proteins were 2-fold more abundant in resistant than the
susceptible inbred after larval infestation. Among these proteins, one of the
important subgroups was linked to antioxidant/detoxifying reactions. This
group included putative ascorbate peroxidase and superoxide dismutase

59

(SOD). These proteins are the enzymes of the antioxidant defense system
present in different cell compartments, which are responsible for the
scavenging harmful reactive oxygen species (ROS). Low concentrations of
ROS are produced as a part of normal cellular processes during certain redox
reactions, and also during mitochondrial and chloroplast respiration. However,
their amount increases dramatically in response to either abiotic or biotic
stresses, thus scavenging enzymes increase accordingly to remove them
(Mittler, 2002).
The resistant genotype also showed greater abundance of stressinduced proteins including glutathione S-transferase isoforms (GST) and Sadenosylmethionine synthetase (SAMS). SAMS is an important enzyme,
which has significant biological functions. It is a source of the propylamino
group in the biosynthesis of the polyamines spermidine and spermine. In plant
cells it is a precursor for ethylene biosynthesis and required for biosynthesis of
phenylpropanoid constituents of the cell wall. Interestingly it also responds to
salt and ABA treatment (Espartero et al., 1994). Most plants emit ethylene in
response to herbivory. These ethylene-dependent defense responses include the
emission of specific volatile organic compounds, accumulation of phenolic
compounds, and increased proteinase inhibitor activity. Besides being ethylene
regulated, these defenses have shown to depend strongly on the wound-
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hormone jasmonic acid (JA) (Dahl and Baldwin, 2007). If ethylene is
important in plant defense against biotic and abiotic stresses, it is expected that
treating plant with ethylene would enhance resistance or treating with ethylene
inhibitors will reduce resistance. Working with Mp708 and Tx601 Harfouche
et al., 2006, successfully reported that in insect-resistant genotype Mp708,
both ethylene synthesis and perception are required for insect defense. Other
studies have shown that higher levels of AdoMet synthetase are required for
lignifying tissues and it appears to play a vital role in lignin biosynthesis
(Espartero et al., 1994). Additional stress-related proteins that were more
abundant in the resistant genotype were several isoforms of glutathione Stransferase (GST). GSTs are involved in herbicide resistance in plants and
insecticide-resistance in insects (Axarli et al., 2004; Labrou et al., 2001). They
are a dimeric enzyme found in vertebrates, plants, insects and yeast
(Szczegielniak et al., 2005).
Another group of proteins that showed differential accumulation were
voltage-dependent anion channels and transport proteins. These proteins were
disproportionately distributed among resistant and susceptible genotypes. The
resistant genotype had more of these proteins including ATP synthase
(mitochondrial), H+ -exporting ATPase, voltage-dependent anion channel
protein 1a. These proteins are important elements of osmoregulation. Increased
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expression of these proteins represents an effort to increase flux of ions and
water and accommodate for any possible osmotic stress. This means that these
proteins help the plant to avoid any other stress that might develop as a result
of herbivory.
Proteins more abundant in susceptible infested than resistant infested
A total of 27 spots were identified in the susceptible inbred that were 2fold more abundant when compared to resistant inbred after larval infestation.
These proteins included various stress-induced proteins, heat shock proteins,
metabolic proteins and proteins involved in transport. A stromal 70 kD heat
shock-related protein was a 2-fold more abundant in the susceptible inbred.
Heat shock proteins are generally stress-responsive proteins expressed under
diverse stress conditions when they serve as molecular chaperons to shield
other proteins from damage and assist in recovery from the stress. This
includes re-folding and prevention of improper protein aggregation (Nover and
Scharf, 1997). Heat shock proteins are typically synthesized during heat and
drought stress and assemble into highly ordered chaperone aggregates, termed
heat stress granules, structures that are unique to plants (Nover et al., 1983;
Almoguera et al., 1993).
The putative ASR1 (Abscisic acid stress ripening) protein expressed in
the susceptible genotype is responsive to salt, osmotic stress and ABA
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treatment. It has been reported that tomato ASR1 is a small plant-specific
protein that is one of the numerous plant gene products with unknown
biological roles that are over-expressed under water and salt-stress (Kalifa et
al., 2004). Hydroxyacylglutathione hydrolase (glyoxalase I), the enzyme
responsible for detoxification of cytosolic 2-oxo-aldehydes (Maiti et al., 1997)
was also found to be 2-fold more abundant in the susceptible inbred. Increased
levels antioxidant enzymes have been detected in many plant species after
abiotic stress as well as pathogen attack. But the oxidative response has also
been shown to occur in response to herbivory. Oxidative responses were
induced in soybean by Helicoverpa zea infestation (Bi and Felton, 1995).
However these oxidative responses had both positive and negative effects on
the plant. When the plant responds with an oxidative defense to prevent
herbivore attack, it may also increase the oxidative damage to itself (Bi et al.,
1995).
Another group of proteins that showed differential accumulation were
voltage-dependent anion channels and transport proteins. The susceptible
genotype showed a greater abundance of voltage-dependent anion channel
protein 2. As discussed earlier, the expression of these proteins increases in an
effort to increase the flux of ions and water, and to accommodate for any
possible osmotic stress. This means that these proteins help the plant to avoid
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any other stresses that might develop on an already compromised plant like
water deficit or salinity stress.
Unique Proteins
There were some proteins that were present in one genotype and absent
in the other. No proteins were found to be unique in resistant and susceptible
genotypes before infestation. Heat shock protein 70, was uniquely present in
resistant inbred Mp708 after infestation and completely absent in susceptible
inbred Tx601; whereas an ABA stress-induced protein was present only in
susceptible inbred but totally absent in resistant inbred after infestation.
In summary, comparative proteomic investigations employing DIGE
and coupled to MS/MS detected and identified differences in protein
expression in mid-whorl tissue from resistant and susceptible inbred lines
before and after larval infestation. Several protein sets from different biological
processes were expressed in both genotypes. However the most prominent and
intriguing differences were in the expression of proteins responsive to
environmental challenges and known for their involvement in stress/herbivory
defense. Our results show that only the resistant genotype had elevated levels
of antioxidant/detoxifying enzymes, which are often expressed during
oxidative conditions that occur during abiotic stress. Interestingly, the stressrelated proteins expressed in the resistant genotype such as glutathione S-
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transferase (GST) and S-adenosylmethionine synthetase have been shown to be
induced by jasmonic acid (JA) (Imanishi et al., 1998; Xiang et al., 1996).
Recent studies have determined that Mp708 resistant genotype constitutively
has elevated levels jasmonic acid. Mp708 contains approximately 3-fold higher
levels of jasmonic acid prior to herbivory than Tx601 (Shivaji et al., paper in
review), therefore higher levels GSTs and Adomet synthetase in the resistant
inbred may be related to the elevated jasmonic acid levels before and/or after
infestation. On the other hand the susceptible genotype primarily expressed
heat shock proteins instead of other stress proteins. But this scenario was not
same for the other sets of proteins which included metabolic proteins, protein
folding and assembly proteins and proteins from energy producing metabolic
pathways. These proteins were found in both resistant and susceptible
genotypes. Production of energy pathway proteins implies that more energy is
needed to manage the stress condition.
Even though the protein profiles of resistant genotypes before and after
infestation show that a 2-fold increase in abundance of defense related proteins
was a common scenario; the presence of two defense-related proteins with 2fold greater abundance in susceptible inbred makes it difficult attribute defense
mechanisms to resistant inbred alone. As a result no conclusive differences in
defense proteins were observed between the resistant and susceptible
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genotypes. Attention also should be paid to the genes of proteins that were
shifted in mobility on 2-D maps. These protein isoforms, whether arising from
different genes or post-translational processing, may contribute to the
resistance by altering biological activities. Finally, in our project we excised
only those spots that showed 2-fold difference in abundance. I believe this
narrowed our spectrum and our ability to observe the differences between
resistant and susceptible genotypes. To be able to observe the differences
between resistant and susceptible genotypes, we need to consider all proteins
that were different regardless of the fold increase (2-fold increase limited our
observations). Also the sensitivity of dyes could limit the detection of low
abundance proteins.
Response to fall armyworm - Control versus Treated
One of the biggest challenges of modern biology is to gain
understanding about the expression, function and regulation of the entire
proteome of an organism in its normal state and under the challenge with
internal or external stimuli. The understanding of plant-insect interactions,
especially if the affected plant is a valuable agricultural crop, is extremely
important as it represents a key point for development of resistant crop
varieties. Different maize tissues including the leaves play important roles in
defense, thus elucidation of interactions between mid-whorl tissues and fall

66

armyworm may add additional insight into mechanism of resistance and
susceptibility of maize to fall armyworm infestation.
Among the 16 proteins detected in resistant plants that were infested to
the control, eight were up-regulated and eight down-regulated after fall
armyworm infestation, whereas 18 proteins were different in susceptible plants
that were infested when compared to control, out of which nine were upregulated and nine down-regulated. These proteins increased/decreased by 2fold in response to herbivory. Resistant whorls showed an increase in oxidative
stress-related proteins, such as the detoxifying enzyme glutathione Stransferases 9 and 12, and cytosolic glyceraldehyde-3-phosphate
dehydrogenase. Another stress protein that was up-regulated in resistant inbred
was the drought inducible 22-kD protein. Other up-regulated proteins were
those involved in metabolic pathways and transport. Isoflavone-reductase
homolog IRL, an enzyme involved in flavonoid biosynthesis was up-regulated
in both resistant and susceptible inbred lines. In Medicago trunculata,
medicarpin, an isoflavanoid-derived phytoalexin was induced after exposure to
the wound signal methyl jasmonate. Isoflavone-reductase is an enzyme found
upstream of medicarpin and was shown to be one of the gene induced in
response to methyl jasmonate (Naoumkina et al., 2007). On the other hand
most of the proteins that were down-regulated in resistant inbred were those
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involved in metabolic activities like photosynthesis. Rubisco large subunit,
Rubisco small subunit, fructose-bisphosphate aldolase, Photosystem I reaction
center subunit IV were among few proteins down-regulated in resistant
genotype. Proteins that were up-regulated in susceptible inbred included
mostly metabolic and transport proteins; except for mitochondrial superoxide
dismutase (Mn) which was the only protein up-regulated that was related to
oxidative stress. Most of the down-regulated proteins in susceptible inbred
were the stress-related proteins like putative glutathione S-transferase, drought
inducible 22 kD protein and putative ascorbate peroxidase. The results are
consistent as they were up-regulated proteins in resistant inbred after the larval
infestation.
The goal of this study was to determine differences in protein
expression in maize whorl after larval infestation. Even though sets of
differentially expressed proteins were identified, due to the small number it is
not possible to understand the entire resistance mechanism. The problem that
resulted in the identification of the small number of proteins was the sensitivity
of DIGE. I feel obligated to discuss them so that we can use it for future
reference. DIGE is a very sensitive technique and the outcome of the result
depends from the very first step, protein extraction. Protein extraction has to be
precise to avoid any background effects on the gels. The next steps that involve
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labeling the samples, IEF run and SDS run should be perfectly synchronized
and maintained to avoid any streaking effects on gel images. In our case we
found medium intensity background with some horizontal streaks. Hence this
made it difficult for us to be able to see the spots that might be differentially
expressed beneath that background. Some of the proteins that we expected to
see were the chitinases and Mir1-CP, but I presume that these were masked by
the background effect. Also while analyzing the spots, I only excised the
proteins that were 2-fold different in gels. We did not take the proteins that
showed <2 or >2-fold difference. Although we had more than enough proteins
to work with, most of these were repetitions, which left only a few proteins
spots for identification. Also, not all the spots that were excised were
identified. These problems accumulated and resulted in small number of spots
with identifications. For future studies it is important that DIGE should be used
in combination with other proteomic methods to give more extensive results.
Also great care should be taken during the protein extraction and subsequent
steps. A slight variation from the established protocol may lead to dramatic
differences. With these important suggestions in mind, we can effectively use
DIGE coupled with other proteomic techniques to investigate comparative
differences between resistant and susceptible inbreds or before and after
infestation.
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We are aware that resistance has been recognized as multigenic,
quantitatively inherited trait that has both additive and dominant gene action,
which makes it very complex in nature. Furthermore, resistance is compilation
of a complicated network of multiple defenses that come from different tissues
of maize plant contributing to the resistance machinery. This leaves us with an
important task of compiling results from this study and previous studies to
develop resistant commercial maize varieties with a great economic
implication.
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CHAPTER VI
SUMMARY
Fall armyworm larvae (FAW), which are serious pests in the southern
United States, show retarded growth when they feed on insect-resistant maize
inbred Mp708 (Williams and Davis, 1982; Williams et al., 1990). Mp708 is
not only resistant to FAW, but to a number of other lepidopteran pest (Davis et
al., 1988, 1999). In this genotype, a unique, extracellular, 33kDa cysteine
protease (Mir1-CP) rapidly accumulates in the whorl in response to insect
feeding. The main goals of our research were to understand the differences
between the resistant Mp708 and susceptible Tx601. In this study, we used the
latest proteomic tools to have a better understanding of differences in proteins
of resistant and susceptible in response to the FAW feeding.
The objectives of this research are:
1. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of resistant and susceptible inbred lines before
infestation.
2. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of resistant and susceptible inbred lines after fall
armyworm infestation.
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3. To identify differentially expressed proteins in maize yellow-green miwhorl region of resistant genotype before and after fall armyworm
infestation.
4. To identify differentially expressed proteins in maize yellow-green
mid-whorl region of susceptible genotype before and after fall
armyworm infestation.
To gain better understanding of differences and identify defense related
proteins, comparative proteomic approaches employing 2-D DIGE coupled to
MS/MS detected and identified differences in protein expression in mid-whorl
tissue from resistant and susceptible inbred lines before and after larva
infestation were used. This helped us to compare proteins from resistant and
susceptible inbreds, both before and after larval feeding and also within each
genotype before and after infestation. There were 38 proteins more abundant in
resistant genotype and 31 proteins more abundant in susceptible genotype.
Four proteins were shifted in position on 2-D maps and six proteins were
unique to particular genotype(s). The most prominent and intriguing were
expression of proteins responsive to environmental challenges and known for
their involvement in stress/herbivory defense. Our results show that the
resistant genotype had elevated levels of antioxidant/detoxifying enzymes,
which are during abiotic stress. The stress-related proteins expressed in the

72

resistant genotype such as glutathione S-transferase (GST) and Sadenosylmethionine synthetase have shown to be induced by jasmonic acid
(JA) (Imanishi et al., 1998; Xiang et al., 1996); and it is already established
that Mp708 resistant genotype constitutively has elevated levels jasmonic acid.
Mp708 contains approximately 3-fold higher levels of jasmonic acid prior to
herbivory than Tx601 (Shivaji et al., paper in preparation). So higher levels
GSTs and Adomet synthetase in the resistant inbred may imply higher
induction of jasmonic acid after infestation. On the other hand the susceptible
genotype primarily expressed heat shock proteins instead of other stress
proteins. But this scenario was not same for the other sets of proteins which
included metabolic proteins, protein folding and assembly proteins and
proteins from energy producing metabolic pathways. These proteins were
found in both resistant and susceptible genotypes.
Proteomic analyses to elucidate interactions within each genotype in
response to larvae were also performed by comparing 2-D DIGE protein
profiles of mid-whorl region from control and infested genotypes.
Interestingly, similar results were obtained in this experiment where most of
the proteins that were up-regulated in resistant genotype after infestation were
stress related proteins and most important proteins that were down-regulated
were photosynthetic proteins. This was confirmed from the earlier study, that
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caterpillar feeding seems to induce early senescence in Mp708 and the
abundance of Rubisco small subunits transcripts decreases by approximately
50% (Shivaji et al., manuscript in review). In case the susceptible genotype,
the proteins that were up-regulated by larval infestation involved mostly the
metabolic proteins. And those that were down-regulated included stress-related
proteins.
Proteomic approaches detected and identified sets of proteins from midwhorl region of maize that is possibly engaged in the defense mechanism to
larval infestation. For this study we conclude that the mechanism of
resistance/susceptibility is rather complex and involves a broad range of
proteins, where the expression of stress-related proteins is very important to
maintain resistance.
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