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ABSTRACT

Author: Awad, Abdelrahman A. PhD
Institution: Purdue University
Degree Received: August 2018
Title: Comparison of Brachypodium and Wheat Response to Hessian Fly
Committee Chair: Christie E. Williams
Wheat (Triticum aestivum) yield is limited by biotic stresses such as Hessian fly [Mayetiola
destructor (Say)] attack which causes a significant annual loss. Previous studies have shown that
Brachypodium distachyon is resistant to Hessian fly infestation. Since B. distachyon has
advantages over wheat to be used as a model plant in genetic and genomics, we compared the
response of 5 wheat lines (4 resistant lines, harboring different Hessian fly-resistance H genes, and
1 susceptible line to Hessian fly infestation) to B. distachyon at early stages [12 hours, 1 day, 3
days and 5 Days After Hessian fly egg-Hatch (DAH)] of Hessian fly infestation. Using q-RT-PCR,
we studied the expression profile of some Hessian fly-responsive genes as well as genes involved
in plant resistance/susceptibility to pathogens and insects. Based on the current data, we conclude
that, for some genes, expression level and timing differ among wheat lines carrying different
resistance H genes conferring resistance to Hessian fly. We also conclude that the gene-for-gene
resistance of wheat and the non-host resistance of B. distachyon utilize a few different gene sets in
defense against Hessian fly. We have also investigated the expression profiles of genes associated
with Hessian fly resistance and susceptibility expressed in four tissues (leaf 2 base, leaf 2 blade,
leaf 3 base and root) of wheat lines H9-Iris (resistant) and Newton (susceptible) at 1, 3 and 5 DAH
to determine whether Hessian fly attack caused systemic or localized responses in wheat. qRTPCR data revealed that wheat response to Hessian fly resistance is localized. In contrast to
resistance, wheat response to Hessian fly susceptibility is systemic. These results indicate that
wheat resistance to Hessian fly is very efficient with less energy and resources consumed than if
the entire plant produced defense molecules. Using light microscope, we conducted a study of
Hessian fly larval body area on Hessian fly-resistant and -susceptible wheats to determine whether
the Hypersensitive Response (HR) might play a role in Hessian fly resistance. Results revealed
that sizes of larvae on a resistant wheat line utilizing the HR did not significantly differ from those
of larvae on a resistant wheat line that did not express the HR.
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LITERATURE REVIEW

1.1

Introduction
Hessian fly (Mayetiola destructor) is considered one of the most economically important

pests that limit wheat (Triticum aestivum) production domestically and worldwide (Cox and
Hatchett, 1994; Ratcliffe and Hatchett, 1997; Smiley et al., 2004). In the U.S., the average annual
economic loss due to Hessian fly infestation of susceptible wheat was $112 to $252/ha (Smiley et
al., 2004).
Wheat response to Hessian fly attack is triggered by a gene-for-gene recognition event
(Hatchett and Gallun, 1970). The concept of the gene-for-gene hypothesis, “For each gene that
conditions resistance in the host there is a corresponding gene that conditions pathogenicity in the
parasite”, was first proposed by Flor in 1956 based on his studies of host-pathogen interactions in
flax, for rust caused by Malampsora lini (Flor, 1956). In general, a given pathogen has a gene that
makes a product that is recognizable by the host plant if the plant has the corresponding resistance
gene. The pathogen’s gene is called an “avirulence gene” because when its product (usually a
protein) is recognized by the plant resistance gene product, resistance is initiated and an
incompatible interaction results (Keen, 1990; Jones and Dangl, 2006). The pathogen can be
homozygous or heterozygous for this avirulence gene and both will trigger an incompatible
interaction if the plant has the corresponding resistance gene (Jones, 1988). Thus, the avirulence
gene is usually a dominant gene (De Wit, 1992). But if that avirulence gene becomes inactive (due
to factors such as but not limited to, point mutation, deletion or, down-regulation) so that it is either
nonfunctional or has changed in some way so that the plant resistance gene product can no longer
recognize its product, then in the homozygous mutated state the pathogen is virulent on that plant
and initiates a compatible interaction. Virulence must be recessive/homozygous but avirulence is
usually dominant (Jones and Dangl, 2006; Guttman et al., 2014).
To date, more than 34 Hessian fly-resistance genes (H genes) have been identified in wheat
and related species (Delibes et al., 1997; Ratcliffe and Hatchett, 1997; Cebert, 1998; Williams et
al., 2003; Sardesai et al., 2005a; Li et al., 2013; McDonald et al., 2014). H genes differ among
each other in the number of Hessian fly Biotypes they can control and in their effectiveness. The
term ‘Biotype’ was first defined as “an individual or population that is distinguished from the rest
of its species by criteria other than morphology, for example, a difference in parasite ability” by
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Maxwell and Jennings (1980). Based on their ability to survive on wheat lines harboring different
H genes, 16 Hessian fly biotypes (A through O and GP; Great Plains) have been identified (Gallun,
1977; Ratcliffe et al., 2000). H33 is an example of an H gene effective against Hessian fly as it
was found to control Biotype L, lab stocks harboring virH9 and virH13 virulence genes, and was
effective against field populations collected from South Carolina, North Carolina, Georgia,
Delware and Maryland, designated C, D, E, L, O, (McDonald et al., 2014).
Testing both new and previously deployed Hessian fly-resistance genes in wheat fields
against natural populations of Hessian fly is important because wheat H genes continuously impose
selection pressure on the Hessian fly. As Hessian fly population composition is subject to change
in a specific region, an effective H gene may not be effective in that region after a number of years.
In contrast, Hessian fly population composition may not significantly change in particular regions
and, as a consequence, H genes remain effective even though they have been used for a long time
(Foster et al., 1991). Researchers have done a number of evaluations in different regions across
the U.S. to determine the effectiveness of some genes such as H3, H5, H6 and H7/H8 in wheat
lines Monon, Magnum, Caldwell and Seneca, respectively. In 1985, researchers found that Hessian
fly populations in southern Alabama predominantly consisted of Biotype E and Biotype G, 63%
and 23%, respectively (Kudagamage et al., 1990). During the early to mid 1990s, another survey
study revealed that 74% of the Hessian fly populations in southern Alabama (the same region
reported earlier) had shifted to Biotype O (Ratcliffe et al., 2000). As a result, researchers found
that resistance genes H3, H5, H6 and H7/H8 had lost their effectiveness in controlling Hessian fly
populations in southern Alabama. A more recent study conducted in the southeastern U.S.
(Alabama, Georgia, North Carolina, South Carolina and Louisiana) revealed that out of the 33 H
genes tested in 2010, Hessian fly-resistance efficiency for H12, H18, H24, H25, and H26 varied
from 62 to 100% against Hessian fly populations established from field collections (Cambron et
al., 2010).
Unlike the majority of herbivorous insects, Hessian fly does not cause major wounds while
feeding at the base of developing leaf sheaths where it resides; instead, it causes microscopic
punctures (Harris et al., 2010) followed by the application of secreted salivary gland proteins
(SSGPs) (Chen et al., 2006). The SSGPs induce susceptibility in wheat plants lacking effective H
genes (compatible interaction; virulent larvae on susceptible wheat plant) through increased
permeability in epidermal plant cells surrounding the larvae (Williams et al., 2011). Permeability
expands to cover most of the base of the leaf sheath where Hessian fly larvae reside, which later
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leads to the formation of a nutritive sink, known as nutritive tissue (Harris et al., 2006). It is
believed that saliva from virulent Hessian fly larvae contains SSGP effectors that reprogram
susceptible wheat plants to generate increased amounts of nutrients, such as free amino acids,
proteins and sugars (Refai et al., 1955; Shukle et al., 1992; Saltzmann et al., 2010). Production of
other compounds, such as polyamines that are believed to play a role in Hessian fly larval
development, is increased in susceptible wheat plants (Subramanyam et al., 2015). Previous
studies have shown that the larval stage lasts for 3 instars; the larvae feed on nutrients from host
plants during the first instar (lasts from 0 to 6 days after egg hatch; DAH; body length averages
from 0.5 to 1.7 mm) and part of the second instar (lasts from 7 to 10 DAH; body length averages
from 1.7 to 4 mm). The third instar develops in the coccon formed inside the second instar cuticle
and does not feed; instead, it pupates into a pupa (Gagne and Hatchett, 1989). Unlike many plant
insects, Hessian fly larvae retrieve nutrients through intermittent sucking action rather than
chewing host plant tissue (Refai et al., 1956).
To date, all Hessian fly genes that cause Hessian fly to be virulent are recessive (Gallun,
1972; Gallun, 1978); however, wheat Hessian fly-resistance genes are either dominant or partially
dominant (Ratcliffe and Hatchett, 1997). A unique form of systemic susceptibility was reported
during wheat/Hessian fly compatible interactions; obviation of resistance, the ability of avirulent
Hessian fly larvae to survive with the company of virulent larvae (Hollay, 1980) was found to be
systemic (Baluch et al., 2012), but spatially limited to the initially infested culm (Wellso and Araya,
1993). Another systemic symptom that takes place during compatible interactions includes
chloroplast accumulation which causes the color of susceptible wheat plants to turn dark green,
and this maintains a continual supply of nutrients to developing virulent larvae (Robinson et al.,
1960). Stunting is also considered a systemic symptom associated with compatible wheat/Hessian
fly interactions (Cartwright et al., 1959; Harris et al., 2006). In contrast to induced systemic
susceptibility to Hessian fly, which spreads to cover large regions of the infested leaf surrounding
the virulent Hessian fly larvae, researchers have found that resistance is localized and limited to
small regions surrounding avirulent larvae (Williams et al., 2002; Baluch et al., 2012).
In contrast to a compatible interaction, Hessian fly larval SSGPs induce resistance
(incompatible interaction; avirulent larvae on resistant wheat plant) in wheat plants harboring
effective H genes through rapid accumulation and deposition of compounds such as cutin and wax,
which improve cell fortification and work as physical barriers between the Hessian fly larvae and
adjacent cells (Kosma et al., 2010). Production of defense compounds such as lectins (Williams et
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al., 2002; Giovanini et al., 2007; Subramanyam et al., 2008) is also increased in resistant wheat
plants. Williams et al. (2011) reported that increase in cell wall permeability takes place during
both compatible and incompatible interactions. During incompatible interactions, cell wall
permeability is temporary and localized to regions where Hessian fly larvae are attempting to
establish feeding sites, as the main purpose of the increased permeability is believed to be the
delivery of defense molecules produced by resistant plants to the larvae. In contrast, during
compatible interactions, cell wall permeability becomes permanent and expands to include the leaf
whorl to form the nutritive tissue (Williams et al., 2011). As a result, avirulent Hessian fly larvae
do not succeed in establishing feeding sites and end up dying within 3 to 5 DAH (Painter, 1930).
Since Hessian fly is able to overcome a newly deployed resistance gene in about ten years
on average (Foster et al., 1991), finding a way of generating new resistance genes and protecting
existing resistance genes would be very useful. This can be accomplished by constructing a new
kind of resistance gene and deploying that gene either by itself or in a resistance gene pyramid in
a cultivar. Combining more than one Hessian fly resistance gene (gene pyramiding) might increase
the durability of these genes rather than a sequential release of single resistance genes, as it would
take the Hessian fly approximately 400 generations to overcome two combined resistance genes
in one cultivar (Gould, 1986).
Some of the most challenging obstacles in molecular and genetic studies of hexaploid wheat
are:
1) its huge genome (40 times the size of the rice genome; close to 17 Giga base pairs),
which makes mapping and cloning genes of interest a great challenge due to the
extended period of time it would take to accomplish such tasks.
2) its genome consists of 3 homoeologous sub-genomes (A, B and D), which means there
are at least 6 copies of most genes (2 copies on each sub-genome) in every plant. Such
high numbers of copies make genetic studies very challenging because researchers need
to utilize complex techniques such as virus-induced gene silencing while investigating
specific genes of interest (Langridge et al., 2001; Gill et al., 2004; Scofield and Nelson,
2009; Scofield and Brandt, 2012).
Unlike hexaploid wheat, Brachypodium distachyon surpasses related grasses in molecular
and genetic studies as it has advantages such as:
1) small stature.
2) short life span.
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3) small genome (about 355 Mega base pairs) compared to the hexaplid wheat genome.
4) availability of knockout lines.
5) efficient genetic transformation capability.
6) phylogenetic relationship to crop plant grasses.
Based on previous advantages, B. distachyon is one of the most promising model plants for
cereal studies (Vogel and Hill, 2008; Huo et al., 2009a, b; Watt et al., 2009; The International
Brachypodium Initiative, 2010; Brkljacic et al., 2011).
Previous study (Hargarten et al., 2017) revealed that B. distachyon is considered a nonhost to Hessian fly since larvae did not develop past the first instar on B. distachyon and never
completed its life cycle. B. distachyon exhibited type I and II non-host resistance in response to
Hessian fly attack. Researchers concluded that Hessian fly attack was more severe on the non-host
grass, B. distachyon, than its host, wheat, on the molecular and morphological levels. Genes
associated with Hessian fly-resistance and -susceptibility in wheat were also found in the B.
distachyon genome and were responsive upon Hessian fly attack. B. distachyon also exhibited
stunting and delayed senescence (Hargarten et al., 2017). Unlike resistant wheat, when infested
with Hessian fly, all B. distachyon leaves (leaves that were not fully expanded prior to infestation
and leaves developed during and post infestation) became stunted. Researchers also found that the
senescence process in infested B. distachyon was delayed by 2 to 3 days compared to when
senescence was initiated in uninfested B. distachyon plants. This delay allows Hessian fly larvae
to survive for an extra 2 to 3 days but not long enough to pupate (Hargarten et al., 2017).
Researchers investigated B. distachyon response to Hessian fly attack on the molecular level
through quantifying message abundance of genes associated with Hessian fly resistance and
susceptibility in wheat. Mannose-binding jacalin-like lectin (Hfr1) and dirigent-like jacalin-like
lectin (HfrDrd) are known to be responsive in resistant wheat during incompatible interaction with
Hessian fly (Williams et al., 2002; Subramanyam et al., 2006). Similar to resistant wheat, genes
encoding insect antifeedants were responsive in B. distachyon due to Hessian fly attack (Hargarten
et al., 2017). In contrast to resistant wheat, genes that play a role in amino acid synthesis such as
alanine aminotransferase and genes encoding transport proteins, such as transmembrane amino
acid transporter are known to be significantly responsive in susceptible wheat during compatible
interaction with Hessian fly (Saltzmann et al., 2008). Researchers found that similar genes were
responsive in B. distachyon in response to Hessian fly attack as well (Hargarten et al., 2017). Based
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on these recent findings, B. distachyon is considered a non-host that shares properties with Hessian
fly-resistant and –susceptible wheats.
In plants, non-host resistance (in which all lines/varieties under a specific species are
resistant to a specific pathogen) is the most common resistance mechanism (Heath, 2000);
therefore, pyramiding native resistance genes with new genes that confer resistance through
different mechanisms than those utilized by host genotypes, is believed to be of great performance
and durability (Gill et al., 2015). Although hypersensitive response (HR), a process in which
programmed cell death functions as an effective defense mechanism in plants against immobile
pathogens (Stakman, 1915; Lamb and Dixon, 1997; Del Pozo and Lam, 1998; Heath, 2000) is not
always associated with Hessian fly resistance in wheat, reactive oxygen species are produced in
response to larval attack (Giovanni et al., 2006; Liu et al., 2010). Researchers were able to
successfully transfer resistance from a non-host plant to a susceptible host plant; a maize
nucleotide-binding site-leucine-rich repeat (NBS-LLR) gene, which encodes Rxo1, was
transferred to rice to confer resistance against Xanthomonas oryzae pv. oryzicola. This pathogen
causes bacterial leaf streak on rice. The resulting transgenic rice controls the pathogen from
spreading via an induced HR (Zhao et al., 2005). The outcome of an HR against microbial
pathogens is that the dead tissue prevents the spread of pathogens that must reside on living plant
tissue (Heath, 2000; Gechev et al., 2006). A previous study revealed that HR is responsible for the
mortality of 90% of Schizomyia macrocapillata Maia (Diptera: Cecidomyiidae) larvae, a gall
midge insect similar to Hessian fly, that causes galls on the leaves of Bauhinia brevipes Vogel
(Santos et al., 2008). However, only a few Hessian fly-resistant wheat lines harbor H genes that
respond to Hessian fly attack by triggering the rapid release of reactive oxygen species in an
oxidative burst, which results in HR formation (Giovanni et al., 2006). In addition, avirulent
Hessian fly larvae are mobile and able to migrate out of HR on resistant wheat that utilizes HR
such as H21-Hamlet, so it is believed that the HR does not play a key role in Hessian fly resistance
in wheat.
Improving wheat resistance to diseases such as Septoria tritici blotch, caused by
Mycosphaerella graminicola, has been an ongoing process in which scientists were able to
understand how qualitative and quantitative resistance to this pathogen occur in wheat (Jlibene et
al., 1994; Brading et al., 2002; Simn et al., 2004; Goodwin, 2012). Researchers were able to map
resistance genes such as Stb2, which confers wheat resistance against M. graminicola (Liu et al.,
2012). Researchers have been carrying out similar work for different pathogens that threaten crop
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production; for instance, a number of genes belonging to 17 pathogenesis-related (PR) protein
families such as PR1, PR3, PR4, PR5, PR10, PR12, PR14 and PR15 are involved in incompatible
host-pathogen interactions (Alexander et al., 1993; Van Loon et al., 1994; Christensen et al., 2002;
Wu et al., 2014); however, previous studies have shown that well known PR genes, such as PR1,
may not be involved in wheat response to Hessian fly (Sardesai et al., 2005b). Other genes
involved in signaling pathways such as 9-Cis-Epoxycarotenoid Dioxygenase (NCED) in the
Abscisic acid (ABA) pathway, 12-Oxophytodienoate Reductase (OPR) in the Jasmonic acid (JA)
pathway, 1-aminocyclopropane-1-carboxylate oxidase 5 (ACO) in the Ethylene (ET) pathway,
Wci2- Lipoxygenase (LOX ) in the JA pathway, Allene Oxide Synthase (AOS) in the JA pathway
and Phenylalanine Ammonia Lyase (PAL) in the Salicylic acid (SA) pathway were found to play
key roles in plant response to biotic and abiotic stresses (Yu et al., 1979; Zeevaart and Creelman,
1988; Moran and Thompson, 2001; Moran et al., 2002; Guimares and Stotz, 2004; Livingstone et
al., 2005; Wasternack, 2007; Wu and Baldwin, 2009). Although the PR genes mentioned above
may not be well incorporated in plant defense against biotic stresses, probable involvement of
some genes has been confirmed as the case with PR17, which responds to Blumeria graminis f.sp.
hordei infection in barley (Christensen et al., 2002).
Hessian fly-resistance genes in current resistant wheat lines are failing year after year due
to mutations that accumulate in the Hessian fly to generate new virulent populations and limited
resistance gene sources (Cambron et al., 2010; Shukle et al., 2015). These mutations make resistant
wheat plants unable to detect effectors released from Hessian fly saliva into wheat. The need for
new Hessian fly-resistant wheat lines is of great importance to ensure food security for the coming
decades. Since resistance mechanisms in non-host plants such as B. distachyon are believed to be
more durable than resistance mechanisms in host plants (Gill et al., 2015), the aim of the current
work (presented in chapter 3 of this dissertation) was to scrutinize non-host B. distachyon
resistance mechanisms against Hessian fly, compared to wheat resistance at the plant molecular
and insect morphological levels. Newly discovered resistance mechanisms might be used in elite
wheat lines through genetic transformation in the future.
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SPATIOTEMPORAL EXPRESSION OF HESSIAN FLYRESPONSIVE WHEAT GENES DURING COMPATIBLE AND
INCOMPATIBLE INTERACTIONS

2.1

Introduction
Hessian fly (Mayetiola destructor) is a major pest of wheat (Triticum aestivum L.), which

causes an annual average economic loss in the United States to susceptible spring wheat lines of
$112 to $252/ha compared to $12/ha in resistant spring wheat lines (Smiley et al., 2004). After
egg hatch, the larvae migrate to the crown of wheat seedlings where their mouthparts cause
punctures at the base of developing leaves (Hatchett et al., 1990). Larvae then salivate on the
punctured plant tissue and induce either resistance or susceptibility in the plant. Gene-for-gene
recognition triggers a cascade of responses from genes involved in induced resistance (Hatchett
and Gallun, 1970). In incompatible interactions (avirulent larvae on resistant wheat), larvae trigger
defense mechanisms in wheat such as lectin production (Williams et al., 2002; Giovanini et al.,
2007), hypersensitive-response in some incompatible interactions (Shukle et al., 1992), hydrogen
peroxide and superoxide accumulation (Giovanini et al., 2006; Liu et al., 2010) and a temporary
increase in cell wall permeability, which allows the delivery of defense proteins/molecules to
larvae (Williams et al., 2011). As a consequence, larvae remain mobile (Subramanyam et al.,
2008), and despite their multiple attempts to establish permanent feeding sites, they die within 3
to 5 d after egg hatch (DAH; Painter, 1930).
It is believed that in compatible interactions (virulent larvae on susceptible wheat), larval
salivary secretions cause the plant to produce important nutrients for larval growth such as
carbohydrates (Wellso et al., 1990), amino acids (Saltzmann et al., 2008) and proteins (Shukle et
al., 1992), then leaf growth slows (Cartwright et al., 1959) as the nutritive tissue is formed (Harris
et al., 2006). In compatible interactions, other changes to the susceptible plants take place
including increased epidermal cell permeability (Shukle et al., 1992; Kosma et al., 2010; Williams
et al., 2011) and degradation of cutin (Kosma et al., 2010) that allow the delivery of nutrients to
the larval feeding sites. These changes negatively affect wheat growth. As a consequence, when
Hessian fly infestations occur on young seedlings, the plant growth is arrested and no seeds are
produced. Wheat plants that are infested later in development produce fewer seed heads than
resistant or uninfested wheat, and seed weight decreases (Ratcliffe and Hatchett, 1997).
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Previous studies indicate that induced resistance is localized and limited to a small region
surrounding a larva, whereas susceptibility is more systemic, spreading to encompass a large
region of the infested leaf (Williams et al., 2002). When wheat is attacked by virulent larvae,
induced permeability is transient, localized in a region measuring approximately 0.7 mm in
diameter (Williams et al., 2011) and may be responsible for delivering defense molecules. In
contrast, a single virulent larva is capable of inducing permeability in adjacent cells that span a
region measuring approximately 12.5 mm in length, which is sufficient for nutritive molecules,
such as carbohydrates and free amino acids to be delivered to the virulent and any neighboring
avirulent larvae within this region (Williams et al., 2011). Consequently, the presence of virulent
Hessian fly larvae can help avirulent larvae on the same plant to survive beyond first-instar into
adulthood (Hollay 1980; Grover et al., 1989; Wellso and Araya, 1993; Baluch et al., 2012) in a
process called “obviation of resistance”.
Baluch et al. (2012) have demonstrated that Hessian fly susceptibility in wheat is systemic,
as avirulent larvae were able to survive on wheat plants in the presence of virulent larvae. Some
surviving avirulent larvae were even on different leaves from the avirulent larvae. Baluch et al.
(2012) have also demonstrated that when avirulent larvae attack a wheat plant and induce
resistance, some of the larvae can survive if virulent larvae start to feed on the same plant within
3 to 5 d. These experiments reflect the fact that obviation of resistance is a systemic phenomenon
and susceptibility supersedes or obviates resistance. Other systemic symptoms in compatible
interactions include chloroplast accumulation (plant color becomes dark green) and stunting of the
whole plant that is detectable between five and ten days after initiation of larval feeding
(Cartwright et al., 1959; Robinson et al., 1960; Hargarten et al., 2017). Obviation of resistance,
spreading permeability, chloroplast accumulation and stunting strongly indicate that, on the
molecular level, the plant susceptibility response may be induced in tissues that are distant from
the larval feeding site, but this concept has not been tested at the level of gene expression.
In previous work, the expression of several Hessian fly-responsive (Hfr) wheat genes, which
are active at the larval feeding sites near the base of leaf two in seedlings, have been compared
during compatible and incompatible interactions (Williams et al., 2002; Subramanyam et al., 2006;
Subramanyam et al., 2008; Liu et al., 2013; Subramanyam et al., 2015). In the present study, we
investigated the response of some of these Hfr genes with the goal of comparing the mRNA
expression at the feeding site to more distant seedling tissues. Hfr genes of interest were selected
based on previous studies and preliminary data from an RNA-seq experiment that have suggested
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their involvement in Hessian fly resistance or susceptibility along with criteria explained below
and in chapter 3 of this dissertation.
Hfr-1 encodes an antifeedant lectin to Hessian fly larvae (High-Mannose N-Glycan-binding
lectin) and responds primarily during incompatible interactions (Williams et al., 2002;
Subramanyam et al., 2008) as early as 2 h after egg hatch (Subramanyam et al., 2006). 48 h after
egg hatch on H9-Iris wheat (harboring H9 resistance gene; Patterson et al., 1994), the Hfr-1 mRNA
level was 4.2-fold higher in the incompatible interactions (H9-Iris infested with avirulent Hessian
fly Biotype L), compared to the uninfested control plants and 1.7-fold higher, compared to the
compatible interactions (H9-Iris infested with virulent Hessian fly laboratory fly stock vH9)
(Subramanyam et al., 2006).
To test whether Hfr-1exhibits antifeedant properties, Subramanyam et al. (2008) designed
an experiment in which they used Drosophila melanogaster, a dipteran insect similar to the
Hessian fly, which unlike Hessian fly can be grown on an artificial diet. The diet used contained
various concentrations of His6-HFR1 protein. Results have shown that D. melanogaster larvae
grown on a diet containing high concentrations of His6-HFR1 (12 to 15 µg g-1) crawled up the
walls of the test tubes and died in their 1st instar. Researchers explained this phenomenon, crawling,
as the flies were avoiding any contact with the medium.
Pathogenesis Related gene-3 (PR3) encodes a chitinase IV enzyme that degrades chitin and
cell-wall polysaccharide polymers into lower molecular weight molecules (Legrand et al., 1987;
Collinge et al., 1993; Van Loon and Van Strien, 1999) as well as exhibiting fungal growth
inhibition properties (Schlumbaum et al., 1986). PR3 was found to respond to Hessian fly attack
primarily in incompatible interactions; PR3 message levels were 13-fold higher at 12 h after egg
hatch at Hessian fly feeding sites on wheat harboring resistance gene H9 infested with Biotype L,
compared to the uninfested control plants (A. Awad, dissertation chapter 3). In the same study,
during compatible interactions of wheat line Newton infested with Biotype L, the message level
of PR3 was 2-fold higher than in the uninfested control plants at 12 hours after egg hatch. Previous
studies have shown that chitin exhibits potent elicitor signal properties in wheat by inducing
lignification in wounded wheat tissues (Barber et al., 1989). In rice plants, researchers found that
chitin fragments, resulting from chitinase activity, were responsible for induced expression of
defense-related genes (Minami et al., 1996; Nishizawa et al., 1999; Takai et al., 2001). Also,
researchers have reported that the peritrophic matrix in the Hessian fly midgut is rich in chitin,
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which is believed to play a role in maintaining a barrier against microbes (Harper et al., 1998).
Therefore, chitin in the Hessian fly midgut might be targeted and degraded by PR3.
Hfr-2 encodes haemolytic lectins that are thought to play a role in cell wall pore formation
causing increasing cell wall permeability for delivery of nutrients to larvae before nutritive tissue
formation is established in susceptible plants. Hfr-2 had an increased message fold-change in
wheat plants harboring resistance gene H9 during compatible interactions when infested with vH9
larvae; infested susceptible plants had 80-fold increase over the levels in uninfested plants at 2
DAH (Puthof et al., 2005).
Wheat Ta-odc (ornithine decarboxylase) encodes an enzyme that converts ornithine to
putrescine, which is a precursor to spermine in polyamine biosynthesis (Bouchereau et al., 1999).
Ta-odc was reported to have a high message fold-change in the crown tissue of leaf 2 in susceptible
wheat plants during compatible interactions (Newton infested with Biotype L) compared to the
uninfested control plants (3.9- and 5.7-fold at 1 and 4 DAH, respectively; Subramanyam et al.,
2015). Since polyamines play a key role in maintaining metabolic processes in “every living cell”
(Yatin, 2002), Ta-odc is believed to play a role in maintaining “green islands” that benefit larval
development during wheat/Hessian fly compatible interactions (Subramanyam et al., 2015;
Hargarten et al., 2017) as susceptible wheat plants are darker green than uninfested or resistant
plants (Robinson et al., 1960).
Wheat Ta-tat (transmembrane amino acid transporter) had a higher message level (7-fold at
4 DAH) in Hessian fly feeding sites during compatible interactions (Newton infested with Biotype
L) compared to the uninfested control plants (Saltzman et al., 2008). As an indication of transporter
activity, nutritive tissue was reported to contain high amounts of soluble amino acid products,
which benefit Hessian fly larvae during development (Bronner, 1992; Saltzmann et al., 2008).
In this study, we investigated the expression profiles of Hfr-1, PR3, Hfr-2, Ta-odc and Tatat. The mRNA levels of these genes were compared in four different seedling tissues of infested
resistant and susceptible plants and their uninfested controls: the base of leaf two (larval feeding
site), the blade of leaf two, the root and the base of leaf three. The main purpose of this experiment
is to better understand wheat’s spatial response to Hessian fly. Although Hessian fly larvae reside
on the base of leaf number 2, leaf two blade is of great interest because it is the same leaf at which
larvae establish feeding sites during compatible interactions. In contrast, the base of leaf 3 was
never in any contact with larvae in this experiment and responses to Hessian fly attack in leaf 3
base would be considered systemic. Lastly, root tissues were investigated to determine spatial
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response to Hessian fly in a tissue that is never in contact with Hessian fly but is involved in
transport of molecules to aerial portions of the plant.
Fold-change, usually calculated by dividing the Arbitrary Expression Values (AEV; a value
that represents a specific mRNA quantity in a given sample based on the relative standard curve
prepared from dilution factors of the standard RNA preparation) of the treated samples by the AEV
of the control samples, is commonly used in expression studies to compare magnitude of plant
response to insect attack when examining a single tissue type. However, the accuracy of qRT-PCR
quantification decreases when message abundance is very low, which is indicated by a value larger
than 35 CT (CT - cycle threshold - smaller than 35 indicates the emitted fluorescence is above the
background fluorescence and detected). At very low expression levels, the number of mRNA
molecules produced in each cell may be highly variable (C. Williams, personal communication),
consequently a very large fold-change increase may be due to only a few more molecules of a lowabundance message being produced. Thus, both parameters, fold-change (AEV of treated/AEV of
control) and relative message abundance (estimated here using CT values) will be considered here
when comparing expression within and among different tissue types. In this study, message
abundance (represented as CT value) below CT 20 was considered highly abundant while messages
from CT 20 to 25 were considered to be of medium abundance and messages with CT higher than
25 were considered to be of low abundance.
Two hypotheses were tested for wheat genes involved in resistance and susceptibility.
Hypothesis 1: The magnitude of mRNA response (represented as fold-change differences between
infested plants versus uninfested controls) would be lower in other tissues than at the larval feeding
sites at the base of leaf 2. We proposed this hypothesis because previous findings indicate that
Hessian fly resistance in wheat is localized (Baluch et al., 2012) and feeding site expression levels
of genes involved in Hessian fly resistance peaked at 1 DAH, quickly returned to control plant
levels (Williams et al., 2011). These results indicate that wheat resistance to Hessian fly is very
efficient with less energy and resources consumed than if the entire plant produced defense
molecules. Hypothesis 2: The abundance of mRNA (represented as cycle threshold or C T values)
would be lower in other tissues than at the larval feeding sites. We proposed this hypothesis
because as we were conducting statistical analyses of the current study, we noticed that the
message abundance of some genes under investigation was low in various tissues to a level that
we were not able to accurately report the quantity of these low-abundant messages.
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2.2

Materials and Methods
Hessian fly (Mayetiola destructor) Biotype. Hessian fly Biotype L is virulent on wheat lines

carrying the resistance genes H3, H5, H6 and H7/H8 (which are the four differentials defining
Biotype L). In addition, Biotype L is virulent on Newton and avirulent on H9-Iris wheat, the wheat
lines used in these studies. Sue Cambron at the USDA-ARS Purdue University, West Lafayette,
IN, maintained the Hessian flies for this study in diapause in accordance with techniques
introduced by Sosa and Gallun (1973).
Wheat (Triticum aestivum) genotypes. H9-Iris wheat, harboring the H9 resistance gene, is
resistant to Hessian fly Biotype L. Newton wheat, with no known Hessian fly-resistance genes, is
susceptible to Hessian fly. Newton is also nearly isogenic to H9-Iris (Patterson et al., 1994; Xu et
al., 2011). Wheat lines carrying resistance genes H3, H5, H6 and H7/H8 were used in each
experiment as controls to confirm that the flies were indeed Biotype L.
Plant care and infestation. Fifteen wheat seeds per 4-inch pot were planted between two
layers of vermiculite, ½ inch each (Perlite Vermiculite Packaging Industries, North Bloomfield,
OH). Vermiculite was placed on top of a very thin layer of fertilizer (NPK: 19-6-12; Voluntary
Purchasing Group Incorporation, Bonham, TX), which was on top of soil mixture consisting of
50% vermiculite and 50% potting mix (Conrad Farfard Incorporation, Agawam, MA). Pots were
watered during and after planting. Then, pots were kept in dark cold chambers at 4 oC for one week
to synchronize germination before they were transferred to a Conviron growth chamber
(Controlled Environments Limited, Winnipeg, Manitoba, Canada) set at 18 oC with 24 h
photoperiod (irradiance between 980 and 1470 µmol m-2 sec-1) and 60% humidity for further
growth and infestation. Seedlings were reared in the growth chamber using a randomized block
design in 3 biological replicates blocked by location. Pots were watered every 3 d. The day before
infestation pots were individually covered with vented plastic cups. Seedlings were infested at the
1-leaf stage (about 12 d after pots were moved to the growth chamber) with 3 females and 1 male
adult Biotype L Hessian flies per treated pot. Flies were removed from infested pots 8 hours after
infestation to avoid over infestation, and plastic cups were removed from pots 2 d after infestation.
Six plants per infested wheat line were dissected every 12 h from 3 to 5 d after infestation to
estimate egg-hatch time. When 5 larvae were seen on 1 plant per infested line at the base of leaf
number 2, that was designated time 0 after egg hatch. Uninfested control plant seedlings were
watered, randomized and covered with vented plastic cups following the same procedure used for
infested seedlings. Four pots were planted with wheat lines and infested with Biotype L flies to
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verify their purity for this experiment. The 1st and 2nd pots were planted with four wheat differential
lines, each of which harbored a Hessian fly-resistance gene, H3, H5, H6 or H7/H8 to confirm that
the flies were Biotype L. The 3rd and 4th pots were planted with H9-Iris and Newton wheat to
confirm that the correct interactions, compatible or incompatible, occurred with the experimental
plant lines. At 5 DAH, seedlings in the pots were dissected. Compatible interactions (living larvae
on Newton and wheat lines harboring H3, H5, H6 and H7/H8 resistance genes) and incompatible
interactions (dead red 1st-instar larvae on H9-Iris) were observed on the seedlings, confirming that
the flies used for the expression studies were Biotype L.
Tissue collection. Tissue was collected in 3 biological replicates. For each biological
replicate, at each time-point, 36 infested and 36 control wheat plants were used for each line.
During tissue collection, only seedlings with optimal infestation levels (10 to 30 larvae per seedling)
were used. On 1, 3 and 5 DAH, tissue samples were collected from 3 locations: a) the basal 1.5
cm of the 2nd leaf (larval feeding site); b) the middle region (1.5 cm) of the 2nd leaf blade; and c)
the upper 3 cm of roots. On 3 and 5 DAH, a fourth tissue sample was collected: d) the basal 1.5
cm of the 3rd leaf. The 3rd leaf was too small to be collected 1 DAH. All tissue samples were
immersed in liquid nitrogen upon collection and kept in -80 oC until tissue grinding and RNA
extraction took place.
RNA extraction and quantification. RNA was extracted from tissue samples according to
the TRIzol reagent manufacturer’s protocol (Ambion by Life Technologies Corporation. Carlsbad,
CA). DNA-free DNase treatment was applied to the RNA according to the manufacturer’s protocol
(Thermo Scientific, Walthma, MA). Reverse transcription to produce cDNA for message
quantification took place according to the procedure described in Subramanyam et al. (2006) using
the Tetro cDNA synthesis kit (Bioline, Taunton, MA). A Nanodrop (ND-1000) spectrophotometer
(Thermo Scientific) was used to quantify cDNA concentrations of each sample, followed by
diluting all cDNA samples to the same concentration. Messenger RNA for genes of interest in this
study was quantified by quantitative real-time reverse transcription polymerase chain reaction
(qRT-PCR) with cDNA as the template. Sequences of the target genes were retrieved from RNASeq data using Tablet® software version 1.16.09.06 (Milne et al., 2013). qRT-PCR primers were
designed from sequences available on GenBank (Table 2.1) using Primer Express 3.0 software
(Applied Biosystems, Foster City, CA). qRT-PCR was performed on a LightCycler 480 Instrument
II (Roche Diagnostics Corporation, Indianapolis, IN) as follows; reaction volumes of 10 µl
contained 5 µl of 2X SensiFAST SYBR No-ROX mix (Bioline), gene-specific primers at a final
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concentration of 0.2 µM each and 20 ng of cDNA template. PCR parameters were as follows: 95
o

C for 2 minutes; 40 cycles of 95 oC for 5 seconds, 60 oC for 10 seconds; and 72 oC for 20 seconds.

No-template control samples were generated using dd H2O instead of cDNA. Ubiquitin controls
were included on each plate during qRT-PCR to verify equal loading of cDNA among all samples.
AEV of target genes were normalized by dividing them by the AEV of an internal control,
ubiquitin (on the same PCR plate), prior to fold-change calculation. Fold-change was generated
by dividing the normalized AEV of infested samples by the normalized AEV of uninfested samples
from the same time-point. Fractions of 1 (meaning that the target gene expression was down
regulated in the infested, compared to the uninfested samples) were used to calculate negative foldchange values (for example, ⅛ was represented as -8). The message abundance was quantified
using the relative standard curve calculation method (User Bulletin 2: ABI PRISM 7700 Sequence
Detection System); separate standard curves were calculated for a pool of all H9-Iris versus all
Newton samples. Samples from each of the 3 biological replicates investigated in this study were
subjected to qRT-PCR three times (3 technical replicates) to reduce pipetting error effect, if any.
If the cycle threshold (CT) of a particular sample within a technical replicate was ±1
compared to the corresponding samples in the other two technical replicates under the same
biological replicate, this particular technical replicate was considered an outlier and it was
manually removed from the statistical test. In other words, at least two (out of three) technical
replicates from each biological replicate were used in the analyses. In the appendix, graphs
represent the mean of 3 technical replicates for each individual biological replicate investigated
(appendix; Figs. 2.11 through 2.15). Whenever we observed an individual biological replicate for
a gene that contained at least one time-point that was notably different from the other 2 replicates,
we treated this entire replicate for that gene as an outlier and excluded it from further statistical
analyses. A factor that may have caused the problem in the data presented is a very low number of
RNA molecules. If the mRNA abundance is low, it may be below the accurate detection level of
qRT-PCR in which we used SYBR-Green®.
We realized quite late in our analysis that the qRT-PCR output suggested some tissues
expressed much lower quantities of the target mRNAs than others, which could result in inability
to accurately quantify expression. Consequently, CT values from raw qRT-PCR output were
compared to provide an estimation of message abundance among various tissues of infested plants.
Although more accurate estimations of message abundance (number of mRNA molecules) would
have been achieved by spiking all samples with and normalizing to an exogenous mRNA that is

33
not found in wheat, this would have required repeating the experiment, starting with seed planting.
We opted to use CT values as a rough estimation of message abundance since time was very short.
Gene selection. Criteria for selecting genes of interest that were investigated in this work
(chapter 2 and 3 of this dissertation) were based on preliminary gene expression studies and
ongoing wheat and B. distachyon RNA-Seq studies as follows:
1) Targeted genes included both pathogenesis-related and Hfr genes.
2) The expression peak time-point must be within early stages of Hessian fly 1st larval instar
since resistance and susceptibility are induced within only a few hours of egg hatch.
3) Counts threshold (the number of RNA-Seq reads overlapping a given sequence in the
RNA-Seq data available in the Williams lab) was at least 15 for infested samples.
4) Sequences retrieved from RNA-Seq data were compared to published sequences on NCBI
and only sequences with expected value (E) ≤ e-10 were used for designing qRT-PCR genespecific primers.
Statistical analysis. Significant differences in the message fold-change magnitude were
determined using analysis of variance (ANOVA) through the PROC MIXED procedure of SAS®
statistics software, version 9.4 (SAS Institute Incorporation). Infested and control treatments, timepoints, biological and technical replicates were all included in the ANOVA model and the
interaction between treatments and time-points were set as fixed effects. Transcript fold-change
differences between infested and control samples were considered statistically significant if the
adjusted p value (according to Bonferroni correction) associated with the contrast was less than
0.05. The Bonferroni correction method was used to reduce the experiment-wise error as much as
possible. Data from all three biological replicates were combined and analyzed by SAS. Foldchange graphs represent the natural logarithm (ln) scale of the fold-change. Natural logarithm (ln)
equals log to the base of e (loge) where e equals 2.71828. Whenever there was a significant foldchange difference between infested and control treatments that was < 2, we have removed it from
the data reported below.
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Table 2.1. GenBank wheat gene accession numbers and corresponding specific primers used
in quantitative real-time RT PCR (qRT-PCR)
Gene

Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’)

Abbreviation

Accession

Ta-ubq

X56803

ggtgtctccggtatcctccaa

tgctccacaccagcagaagt

Hessian fly-responsive gene-1

Hfr-1

AF483596

cttaagacctctgctttctctaggtga

gatggtgatgcgctctaaacg

Pathogenesis Related gene-3

PR3

AF112966

ggcacagtcacctcgtaagca

ccatgtcgaatcaaggtttgc

Hessian fly-responsive gene-2

Hfr-2

AY587018

ggctgcgactcagggttcta

aacaggccatcgtccatctt

Ornithine decarboxylase

Ta-odc

XP_003578555

gctccaacttcaacggcttct

cgaatggcgtgtgctacgta

Trans-membrane amino acid
transporter

Ta-tat

BT009014

tcggcgagctcaaggagtac

tgtgccgctgtgctactca

Ubiquitin

2.3

Results
The Hfr-1 lectin-encoding gene is known from previous work to respond at the larval feeding

site with a higher magnitude of message fold-change in the first day after Hessian fly larval attack
in resistant than in susceptible plants. Our qRT-PCR results showed that the fold-change of Hfr-1
mRNA in infested resistant H9-Iris plants at the base of leaf 2 (larval feeding site) at 1 DAH was
higher (3-fold), compared to the uninfested control plants (Fig. 2.1A). The trend for resistant and
susceptible plants showed a decrease in magnitude of gene response over time, as seen at the
feeding site in previous work.
Hfr-1 mRNA fold-change differences in both H9-Iris and Newton leaf 2 blade followed a
similar trend to the infestation site at the base of leaf 2, with a decrease in magnitude over time
(Fig. 2.1), however, CT values were mostly above 20 in leaf 2 blade, indicating much lower mRNA
molecule abundance compared to leaf 2 base (Fig. 2.2). Leaf 3 base had highly variable (large
error bars), non-significant fold-change differences between infested and control plants (Fig. 2.1)
and CT values mostly above 20 but followed the same trend in the feeding site at the base of leaf
2 (Fig. 2.2). In contrast, some fold-change differences in the root were large (Fig. 2.1; appendix
Fig. 2.11); consequently, one replicate was removed from analysis for both H9-Iris and Newton.
However, the message abundance was also low in the root (CT values close to 30), compared to
leaf 2 base (Fig. 2.2), which may contribute to inaccurate quantification of root mRNA.
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Fig. 2.1. Magnitude of fold-change differences for wheat Hfr-1 message. mRNA levels (mean of
3 biological replicates and 3 technical replicates) in infested plants were compared to the levels in
the same tissues from uninfested control plants (control levels were set to the base-line of zero)
after infestation of seedlings with Biotype L Hessian fly. Bars represent mRNA fold-change in
natural logarithm scale and error bars represent the standard error of the mean resulting from the
ANOVA analysis. Asterisks denote significant differences between the infested and uninfested
control plants following ANOVA (p<0.05). Numbers on bars with asterisks represent the mRNA
fold-change differences in linear scale for infested vs. control plants. H9-Iris plants are resistant to
Hessian fly biotype L and Newton plants are susceptible.
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Fig. 2.2. Abundance (CT) values of Hfr-1 mRNA. qRT-PCR CT values on the y axis represent the
range of mRNA molecule abundance after infestation of wheat seedlings with Hessian fly Biotype
L. The three biological replicates (each an average of three technical replicates) are represented by
R1, R2 and R3 on the x axis. Tight black error bars represent standard error of the mean for the
three technical replicates. Samples were collected on 1, 3 and 5 DAH. When the result of at least
one time-point in a given biological replicate was notably different from the other two biological
replicates collected from the same plant line/interaction, the whole biological replicate was
removed (including all time-points) from the statistical analysis (see appendix Figs. 2.11 through
2.20 for replicate data removed from analysis).
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PR3 encodes a chitinase IV enzyme, which degrades chitin polymers into lower molecular
weight molecules. We previously found that PR3 responded to Hessian fly attack with higher
magnitude of mRNA fold-change in resistant plants than susceptible plants, compared to the
corresponding control plants (Abdelrahman Awad and Christie Williams, Chapter 3 of this
dissertation). Current qRT-PCR results revealed that the magnitude of PR3 response in resistant
and susceptible plants at the base of leaf 2, leaf 2 blade and the base of leaf 3 peaked at time-point
3 DAH, compared to the control plants (Fig. 2.3). Although not statistically significant, leaf 3 base
in susceptible plants had a higher magnitude of mRNA fold-change than leaf 2 base with peak
time-point being 3 DAH (Fig. 2.3B). At 3 DAH, H9-Iris wheat PR3 message fold-change
magnitude in leaf 2 base, leaf 2 blade and root was higher (7-, 2- and 3-fold, respectively),
compared to the uninfested control plants (Fig. 2.3A). All tissues, except root in the compatible
interaction, shared the same trend in resistant and susceptible plants (Fig 2.3). PR3 message
abundance was medium to low in all tissues (CT values above 20 or 30), but especially in roots of
resistant plants at 5 DAH and susceptible plants at 3 and 5 DAH than in the other tissues (Fig. 2.4).
Biological replicates marked as outliers were removed for the statistical analyses (appendix; Fig.
2.12).
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Fig. 2.3. Magnitude of fold-change differences for wheat PR3 message. Experiments and analyses
were conducted as described in Figure 2.1.
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Fig. 2.4. Abundance (CT value) of PR3 mRNA. Experiments and analyses were conducted as
described in Figure 2.2.
The Hfr-2 gene, which plays a role in cell wall pore formation and increased permeability,
is known to have a higher magnitude of message fold-change in susceptible than in resistant wheat
plants at the larval feeding site (Puthoff et al., 2005). The data presented here indicated that, in this
experiment, the Hfr-2 mRNA fold-change was significantly higher at the base of leaf 2 at 3 DAH
in resistant plants, compared to the uninfested controls (Fig. 2.5A). In contrast to resistant plants,
Hfr-2 mRNA fold-change was not statistically significant in the susceptible plants, compared to
the uninfested controls at the base of leaf 2 at 3 DAH (Fig. 2.5B). Hfr-2 mRNA fold-change
differences in resistant H9-Iris plant tissues followed a similar trend to the infestation site with
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peak time-point in the infestation site, leaf 2 blade and leaf 3 base being 3 DAH (Fig. 2.5A). The
magnitude of Hfr-2 response in infested susceptible Newton plants at the base of leaf 2, leaf 2
blade and the base of leaf 3 had a trend similar to the resistant plants with similar peak time-point,
3 DAH (Fig. 2.5B). In contrast to resistant plants, Hfr-2 message fold-change magnitude in leaf 3
base of susceptible plants was significantly higher at 3 and 5 DAH, compared to the control plants
(Fig. 2.5B). In general, Hfr-2 message abundance was lower (higher CT value) in all tissues under
investigation of susceptible plants than the resistant plants (Fig. 2.6). The 1st biological replicate
was removed from statistical analysis of leaf 2 blade tissues of resistant plants and the 1st biological
replicate of susceptible plant leaf 2 base tissues was from analysis (appendix; Fig. 2.13).

B

H9-Iris Hfr-2
*
129

8
6
4
2
0
-2
-4

*
16

Leaf 2 base
Leaf 2 blade
Root
Leaf 3 base

1 DAH

3 DAH

5 DAH

Natural log Fold-Change

Natural log Fold-Change

A

Newton Hfr-2
6

*
35

4

*
11

2

*
7

Leaf 2 base
Leaf 2 blade
Root

0

Leaf 3 base

-2
1 DAH

3 DAH

5 DAH

Fig. 2.5. Magnitude of fold-change differences for wheat Hfr-2 message. Experiments and
analyses were conducted as described in Figure 2.1.
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Fig. 2.6. Abundance (CT values) of Hfr-2 mRNA. Experiments and analyses were conducted as
described in Figure 2.2.
Ta-tat gene (Trans-membrane amino acid transporter) message was previously reported to
be non-responsive at the feeding site of resistant plants, but to show increasing magnitude of foldchange in susceptible wheat plants as the nutritive tissue formed and produced more free amino
acids (Saltzmann et al., 2008). As expected for resistant plants, no clear trend was observed in our
data for Ta-tat message fold-change magnitude in the base of leaf 2 feeding site, or in any other
tissues of infested H9-Iris wheat, compared to control plants (Fig. 2.7A). In contrast, the magnitude
of Ta-tat response in the base of leaf 2 was high as early as 1 DAH (3-fold) in infested susceptible
plants, compared to the control plants and it stayed high through 5 DAH (4-fold; Fig. 2.7B). Similar
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to the base of leaf 2, the base of leaf 3 maintained a higher fold-change magnitude in the infested
susceptible plants at 3 and 5 DAH (slightly above 1- and 2-fold, respectively), compared to the
control plants (Fig. 2.7B). In general, Ta-tat message abundance was medium (CT from low- to
mid-20s; Fig. 2.8A) in the majority of the resistant plant tissues except for the roots; where it was
low abundant (Fig. 2.8A). In contrast to resistant plants, Ta-tat message abundance was high in
the feeding site and leaf 3 base of susceptible plants (CT from about 17 to 19; Fig. 2.8B), medium
in leaf 2 blade and low in root tissues (Fig. 2.8B). Only the 1st biological replicate of leaf 3 tissue
was removed from statistical analyses of the resistant plants (appendix; Fig. 2.14).
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Fig. 2.7. Magnitude of fold-change differences for wheat Ta-tat message. Experiments and
analyses were conducted as described in Figure 2.1.
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Fig. 2.8. Abundance (CT value) of Ta-tat mRNA. Experiments and analyses were conducted as
described in Figure 2.2.

Ta-odc (Ornithine decarboxylase) encodes an enzyme that plays a role in polyamine
biosynthesis. Previous work has shown that the Ta-odc mRNA fold-change magnitude was greater
in susceptible, than resistant wheat plants, compared to the corresponding control plants
(Subramanyam et al., 2015). Our qRT-PCR results revealed no significant differences in the
magnitude of Ta-odc response between the investigated tissues of the infested and control of
resistant plants in terms of fold-change, however, Ta-tat message fold-change followed the same
trend in all tissues (Fig. 2.9A). The magnitude of Ta-odc response in the base of leaf 2 of
susceptible plants was 3-, 4- and 5-fold higher in infested plants, compared to the control plants at
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1, 3 and 5 DAH, respectively (Fig. 2.9B). A trend similar to leaf 2 base was observed in the leaf 3
base of susceptible plants with higher fold-change magnitude, 4- and 12-fold, at 3 and 5 DAH (Fig
2.9B). However, four biological replicates were removed from data analysis (two from resistant
and two from susceptible wheats; appendix Fig. 2.15). Ta-odc message was of medium abundance
in most samples regardless of whether the plants were resistant or susceptible (Fig. 2.10).
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Fig. 2.9. Magnitude of fold-change differences for wheat Ta-odc message. Experiments and
analyses were conducted as described in Figure 2.1.
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Fig. 2.10. Abundance (CT value) of Ta-odc mRNA. Experiments and analyses were conducted as
described in Figure 2.2.

A summary of fold-change differences (up- and down-regulation) of the five genes in all
four tissues is presented in Table 2.2. Expression profiles of Mds-1, Mayetiola destructorsusceptibility gene-1, which encodes a heat-shock protein that is required for induction of wheat
susceptibility to Hessian fly (Liu et al., 2013), and Hessian fly responsive-3 (Hfr-3), which encodes
a lectin-like chitin-binding protein that is believed to bind to the Hessian fly midgut and act as an
antifeedant, were also investigated in this experiment. However, irreproducible data for these
genes, potentially due to low message abundance and unreliable quantification by q-RT-PCR
precluded including the data (data not shown).
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2.4

Discussion
Magnitude of fold-change differences for H9-Iris wheat Hfr-1 message peaked in the base

of leaf 2 (3-fold) at 1 DAH (Fig. 2.1A). In contrast, the message fold-change magnitude decreased
in tissue more distant from the larval feeding site at the base of leaf 2, as seen in leaf 2 blade at 5
DAH (-2-fold; Fig. 2.1A). This result supports the first hypothesis proposed, that the magnitude of
mRNA response would be lower in other tissues than at the larval feeding sites. Also, H9-Iris
wheat Hfr-1 message abundance (represented by CT values) was high in the base of leaf 2 at all
time-points, compared to all other tissues under investigation (Fig. 2.2A; Table 2.3), which
supports the second hypothesis proposed, that abundance of mRNA would be lower in other tissues
than at the larval feeding sites. In contrast to leaf 2 base, H9-Iris wheat Hfr-1 message abundance
was lower in all other distal tissues (leaf 2 blade, leaf 3 base and root tissues; Fig. 2.2A) and this
finding supports the second hypothesis. Although H9-Iris wheat Hfr-1 message fold-change
magnitude was 4-fold in the root tissue of the infested, compared to the control plants, the
corresponding abundance of the message was low (Fig. 2.2A), which could mean that this
difference was statistically significant, but not biologically significant. Since H9-Iris wheat Hfr-1
message abundance (CT value) was highest in the base of leaf 2 at 3 and 5 DAH, compared to the
other tissues under investigation (Fig. 2.2A; Table 2.3), this could mean that at the biological level,
Hessian fly resistance in wheat is relatively localized despite large statistically significant foldchanges in tissues more distant from the feeding site. Current findings highly support the Williams
et al. (2002) proposed hypothesis that Hessian fly resistance is localized. In contrast to H9-Iris
wheat Hfr-1, Newton wheat Hfr-1 data revealed that expression of this gene decreased in all tissues
as early as 3 DAH. Also, the Newton message abundance in leaf 2 base was medium (Table 2.3),
which suggests that the difference in message fold-change of slightly above 1-fold in leaf 2 base
(Fig. 2.1B) was statistically significant but not biologically significant. An increase or decrease in
fold-change that is smaller than 2 may have statistical significance, but whether it has biological
significance is unknown. Since Hfr-1 message fold-change magnitude decreased over time in
susceptible plant tissues to levels below those of the infestation site (leaf 2 blade and leaf 3 base;
compared to leaf 2 base), that could mean that this gene, which is believed to play a role in Hessian
fly resistance in wheat, is not highly responsive in tissues other than the feeding site; therefore,
this finding supports the hypothesis of Williams et al. (2002) that Hessian fly resistance is localized.
When plants recognize pathogen-associated molecular patterns, a complex network of
signal transduction usually initiates in a timely fashion, upon which plants produce defense
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molecules that may not be effective in resisting a particular pathogen (De Vos et al., 2005;
Glazebrook, 2005). PR3 data revealed a response to Hessian fly attack as early as 1 DAH in leaf
2 base of resistant and susceptible plants (3- and 2-fold respectively; Fig. 2.3) with peak time-point
being 3 DAH in both compatible and incompatible interactions. However, PR3 message was more
abundant in the majority of Newton wheat tissues than H9-Iris wheat tissues (Fig. 2.4). Although
we do not believe that PR3 contributes to Hessian fly resistance in wheat (since the fold-change
magnitude of mRNA was elevated not just in resistant plant tissues but also in all tissues at various
time-points in susceptible plants; Fig. 2.3B), small but significant fold-change differences in root
told us that a signal was sent from above ground (the infestation site) to underground (roots) as a
general respond to Hessian fly attack (Fig. 2.3).
Hfr-2, which is believed to play a role in cell wall permeability and susceptibility in wheat,
had a message fold-change magnitude that was 35- and 11-fold higher in the infested susceptible
plants, compared to the uninfested controls at 3 DAH in leaf 2 blade and leaf 3 base, respectively
(Fig. 2.5B). This result supports the Williams et al. (2002) proposal that Hessian fly susceptibility
is systemic. Since plant tissues elongate in size over time, the distance between leaf 2 blade and
the feeding site increases as well. In the current study, we did not measure the distance between
the various tissues under investigation, but it is reported that leaf 2 length was 24.4 cm at 3 DAH
(Hargarten et al., 2017). As a consequence, signals that induced production of Hfr-2 mRNA in
susceptible wheat traveled from the feeding site at the base of leaf 2 to at least the middle of the
leaf 2 blade, which is about 18 cm at 3 DAH (Hargarten et al., 2017), and caused the magnitude
of Hfr-2 message fold-change to be 35-fold higher in the infested plants, compared to the
uninfested control (Fig 2.5B). Previous data (Williams et al., 2011) from a neutral red staining
assay on susceptible wheat revealed increased permeability in distal tissues from Hessian fly larvae
feeding sites (epidermal, mesophyll and vascular tissues of leaf 3) at 1, 3 and 7 DAH. These data
were supported by the current findings indicating that susceptible plant tissues not in direct contact
with Hessian fly larvae, especially at the base of leaf 3 (Table 2.2), are able to respond to the attack
at the level of gene expression. We do not have an explanation for the results of Hfr-2 expression
profile in the resistant plants at 3 DAH.
H9-Iris wheat Ta-tat message fold-change magnitude was not significantly different in the
infested plants, compared to the uninfested control plants (Fig. 2.7A). This result was expected
since Ta-tat is involved in wheat susceptibility to Hessian fly. In contrast to H9-Iris, Newton wheat
Ta-tat message fold-change magnitude was statistically significant in leaf 2 base and leaf 3 base
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until the end of this experiment (5 DAH; Fig. 2.7B). Also, Ta-tat message was more abundant in
Newton than it was in H9-Iris (Fig. 2.8). But also of interest is that Ta-tat message was less
abundant in distant tissues than at the larval feeding site. Such results highly support the 1st and
2nd hypotheses we proposed earlier. Similar to Ta-tat, Ta-odc, which is known to play a role in the
polyamine pathway of susceptible plants (Gardiner et al., 2010), message fold-change magnitude
and message abundance results revealed that this gene responded to Hessian fly attack at a higher
degree in the susceptible than the resistant plants (Figs. 2.9 and 2.10). Ta-odc responded in
susceptible plants with significant fold-change increases in all four tissues (Fig. 2.9B), a result that
demonstrated the systemic nature of susceptibility in response to Hessian fly larval attack, as
proposed by Williams et al. (2011). Ta-odc is integral to the production of polyamines, which are
involved in maintaining “green islands” of healthy tissue that surround and support the
reproduction of microbial pathogens in an otherwise dying plant (Greenland and Lewis, 1984;
Asthir et al., 2010; Sempruch et al., 2012). Hargarten et al. (2017) proposed that, because the
entire aerial portion of a Hessian fly-susceptible wheat plant becomes dark green, the whole plant
may become a “green island”. Since Ta-odc mRNA fold-change increased in all four tissues of
infested susceptible wheat, this result suggests that polyamine production may increase in all four
tissues, which would support the Hargarten et al. (2017) whole-plant green island proposal.
The term Systemic Acquired Resistance (SAR), defined as a broad-spectrum defense
response in plants resulting from pathogen infections that are distal to that response, was used by
Ross (1961b) as he reported SAR in Nicotiana tabacum L var. Samsun-NN in response to
inoculation of tobacco mosaic virus (TMV) on tobacco leaves (Ross, 1961a, b). Ross (1961b)
demonstrated that when the lower leaves of N. tabacum plants are inoculated with TMV, the upper
leaves of the same plant become resistant (within 7 days) to not only TMV, but also other viruses
such as tobacco necrosis virus, tobacco ringspot virus and turnip mosaic virus. It is believed that
lipid-derived molecules might play a role in SAR long-distance signaling as proposed by Nandi et
al. (2004) and, in Arabidopsis, lipid transfer protein DIR1 was reported to move from leaves
infected with Pseudomonas syringae to uninfected leaves through phloem (Champigny et al.,
2013). Such a mechanism, SAR, is not believed to define the interaction between avirulent Hessian
fly larvae and wheat. Previous studies suggest that the first-instar Hessian fly larvae induce host
plant resistance and susceptibility by applying salivary effectors (Chen et al., 2006; Chaoyang et
al., 2015) to shallow wounds they create at the base of developing wheat leaves (Byers and Gallun,
1971; Hatchett et al., 1990; Aggarwal et al., 2014). Effectors are believed to play a major role in
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suppressing plant immunity and modulating the cells to benefit the pathogen (Jones and Dangl,
2006; Hogenhout et al., 2009; Torto-Alalibo et al., 2009; Mukhtar et al., 2011). In contrast to SAR,
Ogallo and McClure (1996) reported that susceptibility to root-knot nematodes, Meloidogyne
incognita, was systemically induced in tomato (Lycopersicon esculentum) roots within 5 days after
inoculation with M. hapla. Similarly, the induction of systemic susceptibility has been
demonstrated in wheat interactions with Hessian fly. Baluch et al. (2012) showed that a compatible
interaction, induction of wheat susceptibility by virulent Hessian fly larvae, can rescue genetically
avirulent larvae that reside on leaves not inhabited by the virulent larvae. Our current results
showed that virulent Hessian fly larvae initiate Systemic Induced Susceptibility in wheat at the
level of gene expression while avirulent larvae induce genes that lead to localized resistance.
A summary of tissue-specific gene responses (Table 2.2) demonstrates that the five genes
are more likely to increase mRNA production than to decrease while interacting with Hessian fly
larvae. Although some fold-change differences are statistically significant when below a 2-foldchange, we question the biological significance of these changes. The increased fold-changes of
Hfr-1 in susceptible plants and Hfr-2 in resistant plants were atypical of previously published data.
We have no explanation of why this happened. PR3 was responsive in both compatible and
incompatible interactions, suggesting that it is part of the basal response of wheat to Hessian fly
attack. Ta-tat and Ta-odc responded as expected for genes involved in susceptible plants against
insect attack, showing that these genes were induced systemically. Although the use of C T values
to assess mRNA abundance is not the optimal method, it allowed us to evaluate whether accuracy
of fold-change data is affected by decreased ability to quantify low-abundance mRNA. Table 2.3
indicates that the CT values of several samples were high and the abundance of the target mRNA
may be below the level of accurate quantification by q-RT-PCR. Some of the samples in the low
range were removed from data analysis due to being notably different from other replicates and
causing large error bars.
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Table 2.2. Statistically significant changes in expression of wheat genes responding to Hessian
fly in different tissues of resistant H9-Iris (R) and susceptible Newton (S).
Up regulated
Down regulated
Leaf 2 base Leaf 2 blade Root Leaf 3 base Leaf 2 base Leaf 2 blade Root Leaf 3 base
Hfr-1
Ra/Sb
S
R/S
S
R/S
S
Hfr-2
R
R/S
S
S
PR3
R/S
R/S
R/S
Ta-tat
S
S
Ta-odc
S
S
S
S
aR: Incompatible interaction between wheat and Hessian fly (H9 -Iris infested with Biotype L); bS:
Compatible interaction between wheat and Hessian fly (Newton infested with Biotype L).
Gene

Table 2.3. Message abundance (assessed by CT values) of wheat genes responding to Hessian
fly in different tissues of resistant H9-Iris and susceptible Newton.
Gene
Hfr-1

Hfr-2

Ta-odc

Ta-tat

PR3
a

Line
H9-Iris

Leaf 2 base
Higha

Leaf 2 blade
Mediumb

Root
Lowc

Leaf 3 base
Medium

Newton

Medium

Medium

Low

High

H9-Iris

High

Medium

Low

High

Newton

High

Medium

Low

High

H9-Iris

Low

Low

Medium

Low

Newton

Medium

Medium

Medium

Medium

H9-Iris

Medium

Medium

Low

Medium

Newton

High

Medium

Low

High

H9-Iris

Low

Low

Low

Low

Newton

Medium

Medium

Low

Medium

High abundance: CT values below 20; bMedium abundance: CT values between 20 and 25; cLow
abundance: CT values above 25.
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2.5

Conclusions
In the current study, since Hfr-1 is believed to be involved in Hessian fly resistance, the fact

that message fold-change magnitude is lower in the leaf 3 base than the leaf 2 base supports the
Hessian fly localized resistance concept in wheat. In contrast to Hfr-1, results from Hfr-2, Ta-tat
and Ta-odc revealed that wheat response to Hessian fly susceptibility is systemic because the
expression profiles of these genes in distal tissues from the feeding sites have shown statistically
significant responses to Hessian fly attack. Since the genes we have investigated in this study are
associated with Hessian fly resistance or susceptibility in wheat, results indicated that a signal was
sent from Hessian fly larval feeding sites to distal tissues (root and leaf 2 blade) and that the signal
was most likely triggered by the Hessian fly larval salivary components. Mega analyses of a
broader spectrum of genes, representing a wide range of pathways involved in Hessian fly
resistance or susceptibility, is required to give researchers a better understanding of how Hessian
fly resistance and susceptibility are governed.
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COMPARING DEFENSE RESPONSE TIMING OF
WHEAT WITH BRACHYPODIUM DISTACHYON AND THE EFFECT
ON HESSIAN FLY LARVAL GROWTH

3.1

Introduction
Hessian fly is one of the major pests of wheat (Triticum aestivum), worldwide (Cox and

Hatchett, 1994; Ratcliffe and Hatchett, 1997). The ability of the Hessian fly to survive on wheat
having specific genes for resistance is inherited as a recessive character, which suggests that the
genic systems of the insect and host are complementary, a gene-for-gene relationship (Hatchett
and Gallun, 1970). When Hessian fly larvae infest wheat plants, larval mouthparts cause punctures
on the sheath of a developing leaf and apply secreted salivary gland proteins (SSGPs) onto the
shallow wounds (Chen et al., 2006). Previous studies suggest that SSGPs promote wheat plants to
modify certain metabolic pathways, which induce either resistance or susceptibility in the host
plant. The SSGPs induce susceptible plants to produce essential nutrients for larval growth and, as
a consequence, plant growth and development is inhibited, which translates into significantly
lower seed yield or seedling death (Cartwright et al., 1959; Shukle et al., 1992; Ratcliffe and
Hatchett, 1997; Harris et al., 2006; Zhu et al., 2008).
In addition to wheat providing approximately 20% of the human diet worldwide, it is also
an economically important crop used for livestock bedding, hay production, and poultry feed
(Gibson and Benson, 2002). Containing a genome almost forty times the size of the rice genome
(about 17Gb) with repetitive DNA representing more than eighty percent and the presence of the
homoeologous sub-genomes (A, B and D; Langridge et al., 2001; Gill et al., 2004), molecular and
genetic studies of hexaploid bread wheat are challenging. Model systems, such as Arabidopsis
thaliana and Nicotiana tabacum, have helped researchers understand genetics and various
complex physiological processes in other, non-model, plants for the past several decades (Negrutiu
et al., 1975; Ganapathi et al., 2004). Similar to A. thaliana in dicots, scientists have been
investigating several processes and pathways in monocots using the model plant, Brachypodium
distachyon. With its unique features: a) small stature; b) short life cycle; c) small genome size; d)
genetic marker availability; e) efficient genetic transformation capability and; f) phylogenetic
relationship to crop plant grasses, B. distachyon is considered one of the most promising model
plants for cereal studies (Vogel and Hill, 2008; Huo et al., 2009a, b; Watt et al., 2009; The
International Brachypodium Initiative, 2010; Brkljacic et al., 2011).
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When infested with Hessian fly, 13 B. distachyon lines were resistant to 5 Hessian fly stocks
(infestation takes place, but larvae do not develop past the first instar); therefore, B. distachyon is
considered to be a non-host (Hargarten et al., 2017). Lee et al. (2016) defined non-host as “the
immunity of an entire plant species to all genetic variants of a non-adapted pathogen species”.
Researchers were able to observe two types of non-host resistance: a) type I nonhost resistance, in
which no symptoms appear on the plant in response to the pathogen and; b) type II nonhost
resistance, in which induced symptoms appear on the plant in response to the pathogen,
represented by the hypersensitive-response, HR (Mysore and Ryu, 2004; Senthil-Kumar and
Mysore, 2013). Researchers concluded that B. distachyon exhibited type I and II resistance in
response to Hessian fly attack represented in the hairy and stiff leaf (type I) and HR (type II)
(Hargarten et al., 2017). Unlike Hessian fly-resistant wheat plants, all leaves that developed on B.
distachyon after Hessian fly egg hatch were stunted. Similar to resistant wheat, infested B.
distachyon plants did not significantly differ from the uninfested control plants in terms of the
average number of seed heads and total seed weight per plant (Hargarten et al., 2017). HR is an
effective plant defense mechanism for microbial pathogens that are immobile (Lamb and Dixon,
1997; Heath, 2000). Since Hessian fly larvae are able to migrate as the leaf grows, it has been
doubted that HR plays a key role in Hessian fly resistance in wheat. HR is not required for
resistance since most Hessian fly-resistant wheat lines harboring H genes lack the rapid release of
reactive oxygen species, known as oxidative burst that initiates the HR (Giovanni et al., 2006).
Researchers have demonstrated that plants that are susceptible to certain pathogens may
exhibit some expression level of genes involved in resistance, but this level of expression may not
be sufficient to confer those plants resistance against certain pathogens in what is known as basal
resistance. Glazebrook et al. (1996) reported that unlike the wild-type Arabidopsis thaliana plants
(that are resistant to Pseudomonas syringae pv. maculicola ES4326), some enhanced disease
susceptibility (eds) mutants are susceptible to strain ES4326, however, they observed that the eds
mutants exhibited the same expression level of pathogenesis-related gene-5 (PR5) as the wild-type
plants. In contrast to PR5, PR1 expression level was low in the eds mutants, compared to the wildtype plants; yet eds mutants were susceptible to P. syringae. Also, Ton et al. (2002) reported that
Arabidopsis eds mutants did not exhibit resistant-induced response to either methyl jasmonate
(MeJA) nor ethylene precursors, 1-aminocyclopropane-1-carboxylic acid (ACC), in response to
the virulent rhizobacteria strain Pseudomonas fluorescens WCS417r. And when researchers
applied MeJA or ACC to one of the Arabidopsis eds mutants, eds4-1, RNA gel-blot data revealed
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a reduction in plant defensing gene PDF1.2 expression level, compared to the resistant wild-type
Arabidopsis plants; yet, the eds mutants were susceptible to P. fluorescens.
In incompatible host-pathogen interactions, various genes encoding pathogenesis-related
(PR) proteins are induced in the host cells in response to challenge by a specific pathogen
(Alexander et al., 1993; Van Loon et al., 1994; Wu et al., 2014). Herein, our goal is to better
understand Hessian fly resistance mechanisms in wheat and one of its relatives, B. distachyon,
through investigating the expression profiles of some key genes encoding PR proteins such as PR1,
PR3, PR4, PR5, PR10, PR12, PR14 and PR15, and genes encoding enzymes in signaling pathways
such as 12-Oxophytodienoate Reductase (OPR), Wci-2 Lipoxygenase (LOX ) and Allene Oxide
Synthase (AOS) in the Jasmonic acid (JA) pathway, 1-aminocyclopropane-1-carboxylate oxidase
5 (ACO) in the Ethylene (ET) pathway, 9-Cis-Epoxycarotenoid Dioxygenase (NCED) in the
Abscisic acid (ABA) pathway and Phenylalanine Ammonia Lyase (PAL) in the Salicylic acid (SA)
pathway (Yu et al., 1979; Zeevaart and Creelman, 1988; Schaller and Weiler, 1997; Moran and
Thompson, 2001; Moran et al., 2002; Tan et al., 2003; Guimares and Stotz, 2004; Livingstone et
al., 2005; Wasternack, 2007; Wu and Baldwin, 2009). Although the genes listed above are
considered a small set of genes, we have selected them based on previous gene expression studies
along with information available from current wheat and B. distachyon RNA-Seq experiments.
Those genes also represent a broad spectrum of pathways that are involved in conferring plant
resistance against pathogens and has helped us to determine which pathways might have been
utilized by each organism in our study. Criteria for selecting genes of interest included:
1) Targeted genes either encode PR proteins or are involved in signaling enzyme pathways.
2) As for wheat, the genes of interest had reached their peak expression time-point during the
first few days of the Hessian fly 1st larval instar, while this condition was not always met
in B. distachyon since we knew from previous studies that Hessian fly can survive as 1stinstar larvae for up to 44 days on B. distachyon (Hargarten et al., 2017).
3) Counts threshold (the number of RNA-Seq reads overlapping a given sequence in the
RNA-Seq data available in the Williams lab) was at least 15 for infested samples.
4) Sequences retrieved from RNA-Seq data were compared to published sequences on NCBI
and only sequences with expected value (E) ≤ e-10 were used for designing qRT-PCR genespecific primers.
In the current study, the mRNA levels of the investigated genes were compared among: a)
three Biotype L Hessian fly-resistant wheat lines lacking HR (H9-Iris, H13-Molly and H33) and
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one exhibiting HR (H21-Hamlet); b) one susceptible wheat line (Newton) and; c) non-host
resistant B. distachyon. Three hypotheses were tested in this study. Two hypotheses for wheat and
B. distachyon Hessian fly-responsive genes were that 1) Timing and expression level of Hessian
fly-responsive defense-related genes will differ among wheat lines carrying different disease R
genes conferring resistance and; 2) The gene-for-gene resistance of wheat and the non-host
resistance of B. distachyon will utilize different gene sets in defense against Hessian fly. The third
hypothesis is that body area of avirulent Hessian fly larva on a resistant wheat line utilizing the
hypersensitive response will not be significantly different from those of larvae on other resistant
wheat lines.

3.2

Materials and Methods
Insect materials. Hessian fly Biotype L used in the current study was maintained in diapause

at 4 oC by Sue Cambron at the USDA-ARS Crop Production and Pest Control Research Unit in
Purdue University, West Lafayette, IN 47907, according to the procedure described by Sosa and
Gallun (1973). Hessian fly Biotype L is virulent on wheat line Newton (does not carry any known
Hessian fly-resistance genes) but is avirulent on B. distachyon and wheat lines harboring any of
the H9, H13, H21 or H33 genes.
Fly control. To confirm purity of Hessian fly Biotype L, one pot per growth chamber was
planted with 20 seeds from four wheat lines containing resistance genes H3, H5, H6 and H7/H8
(5 seeds per line). Each pot was infested with 4 females and 2 males from Hessian fly Biotype L.
At the end of each experiment, all plants in each control pot were dissected and larvae were scored.
Healthy white larvae were observed on all plants of all 4 wheat lines, which means all lines were
susceptible to Biotype L, as expected, and the Hessian fly Biotype L stock was pure.
Plant materials. The T. aestivum wheat lines H9-Iris harboring the H9 gene, H21-Hamlet
harboring the H21 gene, H13-Molly harboring the H13 gene and H33 harboring the H33 gene are
all resistant to Hessian fly Biotype L (Hatchett et al., 1981; Gill et al., 1987; Hatchett et al., 1993;
Ratcliffe and Hatchett, 1997; El Bouhssini et al., 1999; McDonald et al., 2014). Wheat line Newton
is nearly isogenic (NIL) to H9-Iris and H13-Molly (Patterson et al., 1994) with a Nei and Li
coefficient of 0.99 (Nei and Li, 1979; Xu et al., 2011), but it is susceptible to Hessian fly Biotype
L. B. distachyon line Bd21-3 expresses non-host resistance to Hessian fly (Hargarten et al., 2017),
and was provided by Roger Thilmony (USDA-ARS).
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Wheat planting, growth and infestation. Thirty-six pots, 10-cm diameter, were planted
with 16 seeds for each wheat line under investigation (except for H21-Hamlet; 20 seeds were
planted since preliminary studies had shown lower germination compared to the other lines) in
Fafard professional potting mix (Conrad Fafard Inc., Agawam, MA) filled to within 1 inch of the
rim and topped with approximately 5 to 7 pellets of time-release fertilizer (NPK: 19-6-12;
Voluntary Purchasing Groups Inc. Bonham, TX). To prevent wheat seeds from being in direct
contact with the fertilizer, a thin layer of vermiculite (Perlite Vermiculite Packaging Industries,
North Bloomfield, OH), approximately ½ inch, was added on top of the fertilizer pellets and a
similar layer covered the seeds after planting took place. Planted pots were watered and kept at 4
o

C to synchronize germination. A week later, pots were transferred to Conviron (Controlled

Environments Limited, Winnipeg, Manitoba, Canada) growth champers for further growth and
infestation with Hessian fly. Conviron growth chambers were set at 18 oC with 24-h photoperiod
(irradiance between 980 and 1470 µmol m-2 sec-1) and 60% humidity, and pots were watered every
3 to 4 days. 20 pots of plants from each line were infested at the 1-leaf stage with 4 females and 2
males of Biotype L, while 16 pots were left without infestation as control. Both treatment and
control pots were covered individually with vented plastic cups.
B. distachyon planting, growth and infestation. Seventeen seeds from line Bd21-3 were
planted in each of 36 pots, 10-cm diameter, 8 days prior to seeding the wheat because unlike wheat,
B. distachyon was infested at the 3-leaf stage due to morphological differences between wheat and
B. distachyon as described by Hargarten et al. (2017). A similar planting procedure to wheat was
followed, except for the soil composition; 50% Fafard professional potting mix and 50%
vermiculite. Also, 6 females and 2 males were used in Bd21-3 infestation at the 3-leaf stage. The
3rd leaf of Bd21-3 (leaf hosting the larvae) was labeled with a Sharpie so that it could be identified
for collection among the many leaves and tillers forming the complex B. distachyon plant
architecture.
Time-points and data collection. For wheat plants, the day zero after egg hatch time-point
was declared at 8 AM of the 4th day after infestation [when the 1st five larvae were observed on
the lowest 1.5 cm (crown) of leaf 2]. For B. distachyon, declaration of the day zero after egg hatch
time-point took place when 5 larvae had migrated to the feeding sites as well. The lowest 1.5 cm
of the leaf hosting larvae from wheat and Bd21-3, leaf 2 and leaf 3 respectively, was collected at
½, 1, 3 and 5 days after egg hatch (DAH) and quickly immersed into Fisher tubes containing liquid
nitrogen and stored in -80 oC until used for RNA extraction and cDNA synthesis. Due to
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insufficient numbers of infested plants within the optimum range (10 to 35 larvae per plant), we
had no plants to collect tissue samples for H13-Molly and H21-Hamlet at the 5 DAH time-point.
RNA extraction and cDNA synthesis. RNA was extracted from wheat and Bd21-3 tissues
using TRIzol reagent according to the manufacturer’s protocol (Life Technologies Corporation,
Carlsbad, CA). To eliminate any DNA residues, RNA was treated with a DNA-free DNase kit
according to the manufacturer’s instructions (Thermo Scientific, Waltham, MA). Tetro cDNA
synthesis kit (Bioline, Taunton, MA) was used to synthesize cDNA from the DNA-free RNA
following the same technique described in Subramanyam et al. (2006). A Nanodrop® (ND-1000)
spectrophotometer (Thermo Scientific) was used to quantify cDNA concentrations of each sample.
Microsoft Excel® 2010 was used to calculate the amount of diethylpyrocarbonate-(DEPC) treated
water to be added to each sample so that all samples would have very similar cDNA concentrations.
Message quantification. To compare gene expression among the wheat lines under
investigation, mRNA was quantified by quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR). The magnitude of gene response to infestation was reported as mRNA
fold-change differences between infested and control plants. Sequences of the target genes were
retrieved from RNA-Seq data using Tablet® software version 1.16.09.06. Sequences resulting from
RNA-Seq data were used to search the available database on the GenBank and hits that met our
criteria, mentioned above, were used for primers design. Specific-primers (Table 3.1) were
designed from the GenBank sequences of each gene (Table 3.2) using Primer Express ® software
version 3.0 (Applied Biosystems, Foster City, CA). A LightCycler 480 Instrument II (Roche
Diagnostics Corporation, Indianapolis, IN) was used to run the qRT-PCR in volumes of 10 µl as
follows: 20 ng of cDNA template (2 µl), forward and reverse gene-specific primers at a final
concentration of 0.2 µM each (0.5 µl) and 2X SensiFAST SYBR No-ROX mix (Bioline; 5 µl).
qRT-PCR parameters were as follows: 95 oC for 2 min.; 40 cycles of 95 oC for 5 sec., 60 oC for 10
sec., and 72 oC for 20 sec. The relative standard curve calculation method (User Bulletin 2: ABI
PRISM 7700 Sequence Detection System) was used to determine the message abundance; serial
dilutions of pooled cDNA samples were amplified on the same qRT-PCR plate and with the same
primers as the experimental time-point samples; target gene message abundance of the
experimental time-point samples was interpreted based on the cycle threshold (CT) values and their
corresponding known cDNA concentrations for the serial dilution samples; the values for the
experimental time-point samples were designated Arbitrary Expression Values or AEV. Three
biological replicates were collected for each sample in this study and each biological replicate was
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subjected to qRT-PCR 3 times (technical replicates; to minimize pipetting error, if any), which
means tissue from each time-point was amplified 9 times. Rather than using cDNA as a template,
dd H2O was used to prepare the negative, no-template, control samples. Fold-change magnitude
was determined by comparing mRNA levels of infested samples to the uninfested control samples
through dividing the AEV of the infested by the control samples (set at baseline of zero on graphs)
of the same time-point. To verify that the same amount of cDNA was loaded in each well, qRTPCR was performed using specific primers for a house-keeping gene, Ubiquitin. Only cDNA
samples with ubiquitin message magnitude in a range less than ±2-fold-change were included in
this study.
Hessian fly larvae body area measurement experiment. Twelve 10-cm-diameter pots
were planted with 12 seeds from each of the wheat lines Newton, H9-Iris, Centurk and H21-Hamlet,
following the same planting and growth procedure described above. H9-Iris and H21-Hamlet are
resistant to Hessian fly Biotype L while Newton and Centurk are susceptible to Hessian fly Biotype
L. Newton was used as a control for H9-Iris because the two lines are near isogenic, while Centurk
was used as a control to H21-Hamlet because Centurk is in the pedigree of H21-Hamlet and no
NIL exists (Sears et al., 1992). Infestation took place at the 1-leaf stage with 4 females and 2 males
per plant. Zero DAH time-point was declared at 8 AM of the 4th day after infestation as described
above. On 0, 1, 2, 3, 4, 5, 6 and 7 DAH, 6 wheat plants from each treatment were dissected (each
plant represented a biological replicate). Larvae were collected from each plant using a small
paintbrush (bristle length was 4 mm and width was 1 mm) and fixed on double-stick tape that was
fixed earlier on a glass slide. Larvae from each plant were photographed in groups using a
stereomicroscope (Olympus SZX2) equipped with an Olympus DP21 camera (Olympus, Center
Valley, PA). Each larval body area was individually measured and calculated by Olympus cellSens
Entry® software version 1.14.
Statistical analysis. Significant differences in the message fold-change magnitude were
generated using the analysis of variance (ANOVA) via PROC MIXED procedure in SAS®
statistics software, version 9.4 (SAS Institute Incorporation). In the ANOVA model, interaction
between treatments and time-points were set as fixed effects. All infested and control samples,
biological and technical replicates and time-points were taken into consideration while generating
the ANOVA model. RNA message fold-change differences between treatment and control samples
were considered statistically significant only when the adjusted p value (according to Bonferroni
correction) associated with the contrast was <0.05. Graphs representing the fold-change data from
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individual biological replicates are presented in the appendix (Figs. 3.8 through 3.15). The foldchange data presented in the results section of this chapter is in natural logarithm scale (to present
the standard error resulting from SAS analysis, demonstrated as error bars, on each bar in the
graphs presented) while fold-change data presented in the appendix is in linear scale. Significance
differences in the larval body area were calculated using JMP® software, version 13.2.0. SAS
Institute Inc., Cary, NC, 1989-2007.
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Table 3.1. Brachypodium distachyon- and wheat-specific primer sequences (5’ to 3’) used in
quantitative real-time RT PCR (qRT-PCR)
Gene-Primer

B. distachyon sequence

Wheat sequence

ACO-Forward

CCCACTACGAGGAGCAACTCA

TGGATGTGTACAACAAGCAGAAGTT

ACO-Reverse

GCCGCGTGCAGATCCTT

GCCTTGACGGCCTCGAA

AOS-Forward

CAAGGCGGACCTGAGCAT

CGGCGGCAAGTCCAACT

AOS-Reverse

ACAGCATCTCCCCCTTCTTCA

GTAGGCGTCGCCGATGAA

LOX-Forward

AGGCCTCAACCCTATCTGCAT

TCCTAGACCACCACGACAACTTC

LOX-Reverse

GGGTCCAGCTTGCTCATGA

TGTGTTTGGGAGGCTGTTGA

PR14-Forward

TGCCTCTGCCGGTACAA

GCACGACGCTGAACCTCAA

PR14-Reverse

GCATGGTGAGTCCGCATTT

GCTGAGGGCGATGGACAA

PAL-Forward

CTCCTACATGAAGCTTGCAAAGAA

CTCAGGGATCCGCTTCGA

PAL-Reverse

GGTCCTGCTTTGGCTTCATC

TGTCACGTTGGCGTTGAGAA

PR10-Forward

ACGGTGGAGTATGAGAGGAT

GCAAGTCCACCCTCATCG

PR10-Reverse

TAGGCCTCGACCTTCTTGA

CCGGCTCCACCTTGATG

PR5-Forward

AGGGTATTTCAAGGTGCTGTG

CACTACAACAAGGGAGAGGAGAGAA

PR5-Reverse

GCCGTGGGATAGCATGAAG

CACTTGTTGATCACCGTGAAGGT

PR12-Forward

AAGAACACCTTGTTACGGAACACA

CCACTCGTTCCCGTGCAT

PR12-Reverse

AGGAGCTTGCGGGAAACC

TCGCTGAGGCACGTCTTG

PR15-Forward

CTTCATCACGTCCTCCTCCAA

CACCGAGATCGGCATCGT

PR15-Reverse

ATGGCGTCGCCCTTGTAG

TCGAGGCTGCCAAGGATTC

PR4-Forward

TGGACTGGGACACGGTGTT

ACCTTAACGTCAACTACCAGTTCGT

PR4-Reverse

CATTAAGGTTGCCCCTCTGGTA

GATCGATCGACGGAGAACGTA

PR3-Forward

GCCACGTCTCCGCCATACT

GGCACAGTCACCTCGTAAGCA

PR3-Reverse

GGTAGTTGGACTGCCCTGTCA

CCATGTCGAATCAAGGTTTGC

PR1-Forward

CTCTGGCATCATCAGCATCCTA

CGCAGGCCGTGAAGATATG

PR1-Reverse

CGTTGTGTGGGTCCAGGAA

AGCTGTTGGAGGCGTAGTTGTAG

NCED-Forward

AGGAGCTTCAACAAGAGCTTAC

ATCGCGCACCCGAAACT

NCED-Reverse

GGTCGCAAAGGCTGATTACT

GAAGTACTTGAGGTAGGGCTTCTTGA

OPR-Forward
OPR-Reverse

CTTTAGGAAAGCCGCTAGGAA
ATGAGGAATTGCTCGATGAGG

ATCGCCAAGCCGCCATA
TGGATCTCAATGCCATCGAA
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Table 3.2. Accession numbers for B. distachyon and wheat genes
Gene name (function)

B. distachyon Acc. #

Wheat Acc. #

ACO (1-aminocyclopropane-1-carboxylate oxidase 5 - ET pathway)

Bradi2g41840

KF014125

AOS (Allene Oxide Synthase - JA pathway)

Bradi1g69330

AF11296

LOX (Wci2- Lipoxygenase - JA pathway)

Bradi3g07010

KC679302

PR14 (Lipid-transfer protein)

Bradi1g19470

AJ852561

PAL (Phenylalanine Ammonia Lyase - SA pathway)

Bradi3g47110

AJ006098

PR10 (Antimicrobial properties)

Bradi4g05040

EU908212

PR5 (Thaumatin-like - Antifungal properties)

Bradi4g04160

AK331270

PR12 (Defensin - Cystine-rich antimicrobial peptides)

Bradi1g76420

KJ551537

PR15 (Germin - Oxalate Oxidase – Antimicrobial and signaling)

Bradi3g37670

M63223

PR4 (Chitinase - Chitin degradation)

Bradi4g14920

AJ006098

PR3 (Chitinase IV - Chitin degradation)

Bradi3g32340

AF112966

PR1 (Antibacterial and antifungal properties)

Bradi1g57580

EU250376

NCED (9-Cis-Epoxycarotenoid Dioxygenase - ABA pathway)

Bradi3g34720

JQ772528

OPR (12-Oxophytodienoate Reductase - JA pathway)

Bradi2g35907

KF035083

3.3

Results
Transcript profiling. Temporal expression was quantified (message fold-change magnitude)

for a set of genes known to be responsive to biotic stresses in resistant plants. Responsiveness to
infestation was compared among four wheat lines carrying different Hessian fly-resistance genes,
a susceptible control, and B. distachyon, with expression levels normalized to that of uninfested
control plants. Message fold-change magnitude of ACO, AOS, LOX and OPR, involved in ET and
JA biosynthesis, had very different patterns of temporal expression among susceptible, resistant
wheats and B. distachyon (Fig. 3.1). Unlike the non-significant ACO message fold-change
magnitude in susceptible wheat line Newton and resistant lines H9-Iris and H21-Hamlet, the
resistant wheat lines H13-Molly and H33 responded with a 3-fold increase in infested plants,
compared to the uninfested control plants at ½ DAH (Fig 3.1A). Both responding wheats, H21Molly and H33, had the same trend of drastically decreased message fold-change magnitude, over
time. ACO message was not detectable in B. distachyon (Fig. 3.1A). AOS did not maintain a
consistent pattern among all resistant wheat lines. There was no significant response of AOS to
Hessian fly attack in H21-Hamlet and the susceptible wheat, Newton. In contrast, AOS was
responsive in the other resistant wheats, H9-Iris, H13-Molly, H33 and B. distachyon especially at
the later time-points, compared to the uninfested control plants (Fig. 3.1B). LOX was responsive

67
to Hessian fly attack in both susceptible and resistant wheat lines, with the highest message foldchange magnitudes in resistant wheat lines, compared to the uninfested control plants (Fig. 3.1C).
In contrast to wheat, LOX was not responsive to Hessian fly attack in B. distachyon (Fig. 3.1C).
OPR was only responsive in B. distachyon (Fig. 3.1D). OPR showed a 7-fold increase in message
fold-change magnitude at ½ DAH, compared to uninfested control plants, then the message foldchange decreased over time (Fig. 3.1D).
PAL, which is involved in the SA pathway, had small but statistically significant message
fold-change magnitudes that were very close in the susceptible wheat line, Newton, to these in the
resistant wheats, H9-Iris, H13-Molly, H21-Hamlet and H33, compared to the uninfested control
plants. In contrast to wheat, PAL in B. distachyon did not respond to Hessian fly attack (Fig. 3.2A).
PR4, which plays a role in chitin degradation, had similar message fold-change magnitude trend
(increased during early time-points and then decreased; Fig. 3.2B) in all wheat lines. PR4 was also
responsive in B. distachyon. Susceptible wheat response was the smallest of all wheat lines
investigated (Fig. 3.2B). PR3, which plays a role in chitin degradation as well, had similar message
fold-change magnitude trends in all resistant wheat lines (decreased message fold-change over
time), compared to uninfested control plants. In contrast, Newton PR3 message fold-change
magnitude was 2-fold higher than uninfested control plants only at ½ DAH then it decreased over
time. PR3 message fold-change magnitude in B. distachyon did not change (about 4-fold high in
the infested plants, compared to the uninfested control plants) over time (Fig. 3.2C).
PR15, which plays a role in signaling pathways and has antimicrobial properties, had similar
patterns of small, but significant fold-change increases in all resistant wheat lines, compared to
uninfested controls. In contrast, message fold-change was negative in susceptible wheat and B.
distachyon at later time-points, compared to uninfested controls (Fig. 3.3A). We did not observe
significant changes in PR14 message fold-change magnitude in any of the infested resistant wheat
lines (except it was down regulated in H33 at 5 DAH; Fig. 3.3B), compared to the uninfested
control plants. In contrast, B. distachyon had small, but significant responses of 4- and 3-fold at ½
and 3 DAH, respectively (Fig. 3.3B). PR10 had a similar trend in the susceptible wheat, Newton,
to that of B. distachyon (small message fold-change increased over time, compared to the
uninfested control plants). In contrast, message fold-change magnitude of PR10 was large, but
decreased over time in all resistant wheat lines under investigation, compared to the uninfested
controls (Fig. 3.3C). PR5 message fold-change was quite high and increased over time in the
infested plants of B. distachyon, compared to the uninfested control plants (Fig. 3.3D), but showed
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only low fold-change increases over the control in the wheat lines, compared to uninfested controls
(Fig. 3.3D). PR12 was not responsive in resistant wheat lines, compared to uninfested control
plants. In contrast, the message fold-change was 2-fold higher in infested susceptible wheat,
compared to uninfested control plants at 5 DAH and -3-fold lower in B. distachyon, compared to
the uinfested controls, at 3 DAH (Fig. 3.3E). Messages for genes encoding PR1 and NCED were
only detectable in B. distachyon (Fig 3.4). PR1, which has antimicrobial features, peaked at 1 DAH
in B. distachyon with 10-fold message magnitude, compared to uninfested controls (Fig. 3.4A). In
contrast to PR1, NCED, which plays a role in ABA pathways, was not statistically responsive in
B. distachyon, compared to uninfested controls (Fig 3.4B).

69

ACO Natural log Fold-change

A
1.4
1.2

2

*
3

*
3

AOS Natural log Fold-change

B

* *
3 3

1.5
1
0.8

*
*4*
4 4

*
3

*
4

1

0.6
0.5
0.4
0

Undetected

0.2
0
-0.2
-0.4

N
N

C

H9

*
22

3.5

*
* 13
8

3
2.5

1.5

H21

H33

*
*4
3

**
3 3*
3

*
20

-1

Bd

LOX Natural log Fold-change

4

2

H13

-0.5

N
N

H9

H13

H21

H33

OPR Natural log Fold-change

D

*
7

2.5

*
22

Bd

2
*
8

*
5

1.5
*
2

*
3

1

*
3

1

-1

N
N

H9

H13

Undetected

N
N

Undetected

Undetected

0

-0.5

Undetected

0

Undetected

0.5

0.5

-0.5

H9

H13

H21

H33

Bd

H21

H33

Bd

Fig. 3.1. Transcription profiling for ACO (A), AOS (B), LOX (C) and OPR (D). Magnitude of foldchange for genes involved in ET and JA biosynthesis was quantified in Newton “N”, H9-Iris “H9”,
H13-Molly “H13”, H21-Hamlet “H21”, H33 and B. distachyon “Bd” after Hessian fly attack. Bars
represent message fold-change magnitude in natural logarithm. Error bars represent standard error
of mRNA abundance in infested vs. uninfested plants (baseline of 0). Asterisks represent
statistically significant differences according to ANOVA at p<0.05. Numbers under asterisks
represent fold-change value in linear scale. Graphs were generated using Microsoft Excel® 2010.
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Fig. 3.2. Transcription profiling for PAL (A), PR4 (B) and PR3 (C). Magnitude of fold-change for
genes involved in SA biosynthesis (PAL) and chitin degradation (PR3 and PR4) was quantified as
described in Fig. 3.1.
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Fig. 3.3. Transcription profiling for PR15 (A), PR14 (B), PR10 (C), PR5 (D) and PR12 (E).
Magnitude of fold-change for pathogenesis-related genes was quantified as described in Fig. 3.1.
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Fig. 3.4 Transcription profiling for PR1 (A) and NCED (B). Magnitude of fold-change for
pathogenesis-related gene-1 and NCED (ABA biosynthesis) was quantified as described in Fig.
3.1.

Larval growth on wheat. Larval body areas were compared to determine whether resistant
plants expressing HR were more effective in restricting larval growth than resistant plants lacking
HR. The effect of resistant wheat line H21-Hamlet exhibiting HR was compared to the effect of
both resistant wheat that does not utilize HR, H9-Iris, and susceptible wheat, Newton and Centurk
(Fig. 3.5). Larvae on the susceptible wheat lines, Newton and Centurk, maintained a normal growth
rate; they developed into white 1st-instar larvae at 5 DAH. In contrast, the resistant wheat lines,
H9-Iris and H21-Hamlet, inhibited larval growth, preventing them from developing past the red
1st-instar stage and from increasing in body size beyond that of newly hatched larvae. Differences
between average larval body areas - on Newton versus H9-Iris and on Centurk versus H21-Hamlet
- were statistically significant starting at 1 DAH through 7 DAH (Fig. 3.5 B through H; Table 3.3).
At 2, 4 and 7 DAH there was a statistically significant difference between average larval body
areas on H9-Iris and H21-Hamlet (Fig. 3.5 C, E and H), but no trend is seen since larvae on H21Hamlet (expression HR) are slightly larger at 2 and 7 DAH while larvae on H9-Iris (lacking HR)
are slightly larger at 4 DAH. Significant differences between average larval body areas on Newton
and Centurk were observed only at 1 DAH (Fig. 3.5B). Some larvae collected from Centurk at 0
and 7 DAH are shown in Fig. 3.6.
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Fig. 3.5. Boxplot of larval body area measurements. The y axis represents the log(10) transformed
larval area. The x axis represents wheat lines under investigation. Top of each box presents the
third quartile, horizontal line inside each box shows the median and bottom of each box shows the
first quartile. Top and bottom bars represent the maximum and minimum area measurements,
respectively. Circles represent outliers. N shows the total number of larvae measured on a
particular wheat line at a particular time-point and X̄ shows the mean larval area in mm2. The
uppercase bold letters on the left upper corner of each panel, A through H, indicate time-points at
which data were collected: 0 through 7 DAH. The uppercase letters, A through C, underneath X̄
represent statistical differences in larval bodies area on wheat lines; lines that do not share the
same letter are significantly different at p=0.05. At least 5 plants of each treatment were dissected
and larvae were photographed and measured upon dissection. Boxplot was generated using
Gnuplot® software, version 5.2.2 (Williams and Kelley, 2017).
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Table 3.3.ANOVA calculated probability values (p value) associated with differences in
Hessian fly larval body area on resistant and susceptible wheat lines
Wheat lines
Newton vs.
H9-Iris
Centurk vs.
H21-Hamlet
H9-Iris vs.
H21-Hamlet
Newton vs.
Centurk

A

0 DAH
0.98

1 DAH
<0.0001

2 DAH
<0.0001

3 DAH
<0.0001

4 DAH
<0.0001

5 DAH
<0.0001

6 DAH
<0.0001

7 DAH
<0.0001

0.06

0.0426

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

0.09

0.9965

0.0021

0.8502

<0.0001

0.9995

0.5365

0.022

0.82

<0.0001

0.5178

0.4894

0.3708

0.7612

0.2238

0.0627

B

Fig. 3.6. Hessian fly larvae under light microscope. Upper panel (A) shows virulent Biotype L
larvae from one susceptible plant, Centurk, at 0 DAH (average body area approximately 0.028
mm2). Lower panel (B) shows the same interaction, Biotype L on Centurk, at 7 DAH (average
body area approximately 1.3 mm2).
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3.4

Discussion
Transcript profiling
Two of the goals for this study were to determine whether all resistant wheat lines shared

the same temporal profiles and whether non-host plant-resistant B. distachyon response to Hessian
fly attack was similar to resistant or susceptible wheat lines. The volatile plant hormone, ET, is
believed to confer resistance to host plants against pathogens that induce gene-for-gene recognition
(Gu et al., 2000; Wang et al., 2002). Gu et al. (2000) demonstrated that the expression of the Pti4
gene, which induces resistance against Pseudomonas syringae in the tomato, was induced by ET.
In diploid wheat, Triticum monococum, Bhuiyan et al. (2007) concluded that ET might be involved
in conferring resistance against the fungus that causes powdery mildew, Blumeria graminis f. sp.
tritici. Because of previous findings regarding possible ET involvement in plant resistance against
pathogens, we investigated the expression of ACO, a gene in the ET pathway. Although biological
replicate fold-change magnitudes did not maintain a clear pattern of ACO expression in the wheat
lines under investigation, the vast majority of the fold-changes (infested compared to uninfested
control plants) were within 2-fold (Figs. 3.1A; appendix 3.8A through C), and message was not
detected in B. distachyon. Consequently, we concluded that ACO did not play an important role
in resistance to Hessian fly larval attack.
JA is one of the most important hormones that plays a key role in regulating plant defense
mechanisms against insects (McConn et al., 1997). JA binds to the G-box of plant protease
inhibitor genes, which activates them and confers plant resistance against insects by deactivating
proteases that exist in the insects’ guts (Kim et al., 1992; Koiwa et al., 1997). We investigated the
expression profiles of LOX, AOS and OPR genes, involved in JA biosynthesis (Figs. 3.1B, C and
D), because JA biosynthesis depends on the enzymes that these genes encode. LOX converts αlinolenic acid into a hydroperoxide form (α-LeA) called hydroperoxyoctadecatrienoic acid
(HPOT), which is converted to Epoxyoctadecatrienoic acid (EOT) by AOS followed by a
conversion to oxophytodienoic acid via allene oxide cyclase (AOC) and finally to Opc8 (3-oxo-2(2'-[Z]-pentenyl)-cyclopentane-1-octanoicacid) through OPR and the final product goes through
triple cycles of β-oxidation to finally form JA (Turner et al., 2002). Our LOX results revealed that
message fold-change magnitude for all wheat lines, resistant and susceptible, was higher in
infested plants, compared to the uninfested controls (Fig. 3.1C). Unlike wheat, B. distachyon
message fold-change magnitude was not statistically different between infested plants and their
controls (Fig. 3.1C) and this could mean that the amount of LOX in B. distachyon was sufficient
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for JA biosynthesis, or the primers corresponded to a copy of the LOX gene that does not contribute
to JA biosynthesis in B. distachyon. Although not all biological replicates collected in this study
exhibited similar fold-change magnitude patterns for LOX, the majority of resistant wheat lines
had higher message fold-change magnitude, compared to the uninfested controls (appendix; Figs.
3.9A through C). AOS message fold-change magnitude in all resistant wheat lines was higher in
the infested plants, except for H21-Hamlet, compared to the uninfested controls (Fig. 3.1B).
However, some lines reacted faster than others. Similar to resistant wheat, infested B. distachyon
had higher message fold-change magnitude at the last time-point, 5 DAH, compared to the
uninfested controls (Fig. 3.1B). Not all biological replicates exhibited similar fold-change
magnitude patterns (appendix; Figs. 3.8D through F). OPR message fold-change magnitude was
significantly higher in infested B. distachyon plants, compared to the uninfested controls (Fig 3.1D;
appendix 3.9D). In contrast, we were not able to detect this particular OPR message in wheat and
this could be due to designing primers for a copy that does not contribute to JA biosynthesis in
wheat. We can conclude that JA might play a role in Hessian fly resistance in wheat and B.
distachyon.
We studied PR4 and PR3, which both encode enzymes that degrade chitin, since Hessian
fly larval mouthparts contain chitinous structures (Haseman, 1930). Doares et al. (1995)
demonstrated the activation of defense response in tomato in response chitosan, a deacetylated
form of chitin, derived from Fusarium oxysporum f. sp. radicis-lycopersici. q-RT-PCR results
showed that both genes were quite responsive to Hessian fly attack in almost all wheat lines as
well as B. distachyon, compared to the uninfested controls (Figs. 3.2B and C). However, the
expression profile of PR3 in susceptible wheat, Newton, is questionable since the fold-change
magnitude is very low (2-fold) and unlike resistant wheats, the message fold-change magnitude
decreased drastically in Newton over time, compared to the uninfested controls (Figs. 3.2C;
appendix 3.11A through C). Similar to PR3, PR4 message fold-change magnitude in Newton was
smaller than resistant wheat lines and B. distachyon, compared to uninfested controls (Figs. 3.2B;
appendix 3.10D through F). We can conclude that PR3 and PR4 might play a role in Hessian fly
resistance in wheat and B. distachyon and the feeble response of PR3 and PR4 we observed in
susceptible Newton plants may be evidence of basal resistance in response to larval effectors.
The 2nd signaling molecule we have investigated in this study is SA. Since SA plays a role
in wheat basal resistance to head blight (caused by Fusarium graminearum; Makandar et al., 2012),
we investigated the expression profile of one of the key genes in the biosynthetic SA pathway,
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PAL. A previous study conducted by Sardesai et al. (2005) concluded that PAL may not be
exclusively responsive to Hessian fly attack but may be involved in general stress responses. In
our current study, PAL was not significantly responsive in B. distachyon due to Hessian fly attack
(Fig 3.2A). Although there is a statistically significant response in susceptible wheat and H33,
compared to the uninfested controls, this response is questionable because the fold-change
magnitude in biological replicate number 2 is considered an outlier in Newton at ½ DAH and H33
at 1 DAH (appendix; Fig. 3.10B). We can conclude that PAL does not seem to play a role in wheat
and B. distachyon resistance to Hessian fly.
PR15 is believed to play a role in cell wall reinforcement through providing hydrogen
peroxide required for the cross-linking of the compounds in the cell wall (Caliskan and Cuming,
1998); for this reason, it was included in our investigation. Although message fold-change
magnitudes in different biological replicates were not the same for all lines, results show that unlike
resistant wheats, PR15 in infested susceptible Newton wheat and B. distachyon appeared to be
down regulated, compared to the uninfested controls (Figs. 3.3A; appendix 3.12A through C). We
can conclude that PR15 might be involved in conferring resistance to wheat against Hessian fly.
Unlike PR15, PR14 (encodes lipid transfer protein) was not significantly responsive in most
resistant wheat lines, but it was responsive in B. distachyon, compared to the uninfested controls
(Figs. 3.3B; appendix 3.12D through F). PR10, which encodes an enzyme that exhibits
ribonuclease activity, was also of great interest to be included in our investigation. PR10 message
fold-change magnitude in all resistant wheat lines seemed to share a pattern of high initial
expression that decreased over time (Figs. 3.3C; appendix 3.13A through C). However, the trend
in B. distachyon message fold-change magnitude was opposite to resistant wheat, increasing over
time (Figs. 3.3C; appendix 3.13A through C), which may represent a delayed response.
Consequently, data suggested that PR10 is involved in wheat resistance against Hessian fly and
the minimal response in Newton could be due to basal resistance. PR5 was also included in our
study since the mechanism by which PR5 functions as antifungal is by increasing permeability of
the pathogen’s plasma membrane by interrupting the lipid bi-layer and the formation of transmembrane pores (Vigers et al., 1992). In contrast to wheat, PR5 response to Hessian fly attack was
very robust in B. distachyon (Figs. 3.3D; appendix 3.13E through F), which might represent a
delayed response. We believe that PR5 might play an important role in B. distachyon resistance
against Hessian fly, and the small response in wheat lines is due to basal resistance. PR12 (encodes
defensin) was not responsive in any resistant wheat line (Fig. 3.2E), however, it was slightly
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responsive in susceptible wheat at 5 DAH, but this response is of questionable biological
significance since the message fold-change magnitude was only 2-fold higher, compared to the
uninfested controls (Figs. 3.3 E; appendix 3.14A through C). We highly doubt that PR12 plays a
role in Hessian fly resistance in wheat or B. distachyon.
PR1, which exhibits antimicrobial properties, is involved in plant immune signaling (Chen
et al., 2014). Message fold-change magnitude in B. distachyon was significantly high in the
infested plants, compared to the uninfested controls, however, the message was not even detectable
in resistant or susceptible wheat lines (Figs. 3.4A; appendix 3.15A). In a similar study, Sardesai et
al. (2005) reported that PR1 was not responsive to Hessian fly attack in H13-Molly during
incompatible interaction and minimally responsive in H9-Iris during incompatible interaction. In
contrast to wheat, PR1 seems to be involved in Hessian fly resistance in B. distachyon. Similar to
PR1, NCED, which plays a role in ABA biosynthesis, was only detectable in B. distachyon,
however, the response was not statistically significant in the infested plants at any time-point,
compared to the uninfested controls (Figs. 3.4B; appendix 3.15B). Hence, we can conclude that
the 3rd signaling molecule we have studied, SA, might not play a role is Hessian fly resistance in
wheat and B. distachyon.
In a recent study, Hargarten et al. (2017) reported that Hessian fly-responsive-1 (Hfr-1), a
lectin-encoding gene that is believed to exhibit antifeedant properties against Hessian fly in wheat
(Subramanyam et al., 2008; Shukle et al., 2012), was up regulated in B. distachyon due to Hessian
fly attack during the first DAH. The researchers also reported that Mayetiola destructor
susceptibility-1 (Mds-1), a wheat gene that encodes a heat-shock protein that governs susceptibility
to Hessian fly (Liu et al., 2013), was also up regulated in B. distachyon. The researchers concluded
that B. distachyon response to Hessian fly attack shared similarities with resistant and susceptible
wheat at the molecular and morphological levels. Our data support previous findings that the B.
distachyon non-host resistance response is often intermediate between resistant and susceptible
wheat at the level of gene expression (Table 3.4).
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Table 3.4. Summary of responsive genes in resistant and
susceptible wheats and B. distachyon
Gene
ACO

+

Resistant wheat Susceptible wheat B. distachyon
=
+
NM

AOS

=

+

+

LOX

+

+

=

OPR

NM

NM

+

PAL

+

+

=

PR4

+

+

+

PR3

+

+

+

PR15

-

+

-

PR14

-

-

+

PR10

+

+

+

PR5

+

+/-

+

PR12

=

+

-

PR1

NM

NM

+

NCED

NM

NM

=

represents significant fold-increase for at least one time-point.
represents significant fold-decrease for at least one time-point.
= represents no significant fold-change.
NM represents no detectable message.
-
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Larval body area on wheat.
We designed this experiment to compare Hessian fly Biotype L larval development
(through comparing body area measurements) on two resistant wheat lines; the first line, H21Hamlet, utilizes HR while the second line, H9 -Iris, does not utilize HR in response to Hessian fly
attack. The current study revealed that Hessian fly larvae on both resistant wheat lines do not seem
to be increasing in average body area over time (average body area was 0.03 mm2; Fig. 3.5). In
contrast, larvae on the susceptible wheat line, Newton, kept increasing from one DAH until the
end of the study at 7 DAH (0.03 mm2 at 0 DAH and 1.3 mm2 at 7 DAH; Fig 3.5). In a related study,
Hargarten et al. (2017) found that Hessian fly larvae surviving on B. distachyon measured 0.05
mm2, while larvae on resistant H9-Iris and susceptible Newton wheat lines measured 0.04 and 1.5
mm2, respectively, at 8 DAH. The time-points at which we collected larvae and measured them
under light microscope were more frequent than those used by Hargarten et al. (2017) as we
wanted to get a more accurate time course for larval growth on H9-Iris and H21-Hamlet. We used
2 susceptible wheat lines (Newton and Centurk) as control treatments because Newton is isogenic
to H9-Iris, while Centurk is in the Hamlet pedigree. Although the small differences in larval body
area between H9-Iris and H21-Hamlet were statistically significant at 2, 4 and 7 DAH, we believe
that they were too small to have much biological significance, and there was not one wheat line
that always hosted bigger or smaller larvae. Also larvae were not able to survive to adulthood on
either wheat line. Consequently, the HR exhibited by H21-Hamlet did not appear to benefit the
plant in defense against Hessian fly relative to H9-Iris. Since the previous study (Hargarten et al.,
2017) revealed that Hessian fly could survive on B. distachyon for up to 46 DAH despite the
presence of HR, we highly doubt that HR plays a major role in defense against Hessian fly. Our
results highly support that HR does not seem to be beneficial in the defense against Hessian fly
since the larval sizes at the time of death, 5 DAH, were the same on H9-Iris and H21-Hamlet (Fig
3.5). Significant differences in larval body area on resistant wheat lines, H9-Iris and H21-Hamlet
(Fig. 3.5 and Table 3.3), could be due to the difference in response timing to Hessian fly attack
between resistant wheat lines harboring different H genes (Anderson and Harris, 2008). Since at
some time-points larvae are slightly larger on H21-Hamlet than on H9-Iris, it appears that the
resistance of the wheat line exhibiting HR is slightly less effective than that of the line lacking HR.
We reject our third hypothesis and conclude that although differences in larval sizes on H9-Iris
and H21-Hamlet exist, they appear to have no biological relevance to HR.

82
3.5

Conclusions
Based on the data presented, we can conclude that, for some genes, expression level and

timing differ among wheat lines carrying different disease R genes conferring resistance
(hypothesis 1; the case with ACO in ethylene biosynthesis; LOX and AOS in jasmonic acid
biosynthesis). We can also conclude that the gene-for-gene resistance of wheat and the non-host
resistance of B. distachyon utilize a few different gene sets in defense against Hessian fly
(hypothesis 2; the case with PR1, PR14 and PR15). Results from the rest of the genes were
inconclusive as to whether they support our proposed hypotheses. We also conclude that B.
distachyon is not the best source for Hessian fly resistance genes, however, promoters from
Hessian fly-responsive genes could be used to drive wheat transgenics in the future. Our study of
Hessian fly larval body area on wheat revealed that the sizes of larvae on a resistant wheat line
utilizing the HR did not significantly differ from those of larvae on a resistant wheat line that did
not express the HR, consequently, we accept hypothesis 3, that body area of avirulent Hessian fly
larva on a resistant wheat line utilizing the hypersensitive response will not be significantly
different from those of larvae on other resistant wheat lines.
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APPENDIX

Fold-Change of individual biological replicates (Chapter 1)
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Fig. 2.11. Fold-change differences for wheat Hfr-1 message in H9-Iris “A” and Newton “B”.
Magnitude of fold-change differences in 3 biological replicates investigated in this experiment
from various tissues for H9-Iris wheat Hfr-1 message after infestation of seedlings with Biotype L
Hessian fly at 1, 3 and 4 DAH. mRNA levels from 3 biological replicates (mean of 3 technical
replicates) in infested plants were compared to the levels in the same tissues from uninfested
control plants (control levels were set to the baseline of zero). Bars represent mRNA fold-change
in linear scale. Numbers on bars represent the mRNA fold-change value in case the bar is off the
y axis range. Uppercase “R” and the numbers “1 through 3” at the bottom of the graph correspond
to the biological replicate from which tissue was collected. Thick black boxes represent biological
replicate(s) removed from statistical analyses.
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Fig. 2.12. Fold-change differences for wheat PR3 message in H9-Iris “A” and Newton “B”.
Experiments and analyses were conducted as described in Figure 2.11.
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Fig. 2.13. Fold-change differences for wheat Hfr-2 message in H9-Iris “A” and Newton “B”.
Experiments and analyses were conducted as described in Figure 2.11.
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Fig. 2.14. Fold-change differences for wheat Ta-tat message in H9-Iris “A” and Newton “B”.
Experiments and analyses were conducted as described in Figure 2.11.
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Fig. 2.15. Fold-change differences for wheat Ta-odc message in H9-Iris “A” and Newton “B”.
Experiments and analyses were conducted as described in Figure 2.11.
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Fold-change of individual biological replicates (Chapter 3)
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Fig. 3.8. Expression fold-change magnitude for individual biological replicates of genes ACO and
AOS. Fold-change differences are shown for ACO (A through C) and AOS (D through F) message
in Newton “N”, H9-Iris “H9”, H13-Molly “H13”, H21-Hamlet “H21”, H33 and B. distachyon
“Bd”. Tissue was collected from feeding sites of seedlings after infestation with Biotype L Hessian
fly at ½, 1, 3 and 5 DAH. mRNA levels from each of the 3 biological replicate (mean of 3 technical
replicates) in infested plants were compared to the levels in the same tissues from uninfested
control plants (control levels were set to the base-line of zero). Bars represent mRNA fold-change
in linear scale.
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Fig. 3.9. Expression fold-change magnitude for individual biological replicates of genes LOX and
OPR. Fold-change differences for LOX (A through C) and OPR (D) message in Newton “N”, H9Iris “H9”, H13-Molly “H13”, H21-Hamlet “H21”, H33 and B. distachyon “Bd”. Experiment was
conducted as described in Fig. 3.8.
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Fig. 3.10. Expression fold-change magnitude for individual biological replicates of genes PAL and
PR4. Fold-change differences for PAL (A through C) and PR4 (D through F) message in Newton
“N”, H9-Iris “H9”, H13-Molly “H13”, H21-Hamlet “H21”, H33 and B. distachyon “Bd”.
Experiment was conducted as described in Fig. 3.8. Numbers above the bars represent the mRNA
fold-change value when the bar is higher than the y axis range.
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Fig. 3.11. Expression fold-change magnitude for individual biological replicates of gene PR3.
Fold-change differences for PR3 message in Newton “N”, H9-Iris “H9”, H13-Molly “H13”, H21Hamlet “H21”, H33 and B. distachyon “Bd”. Experiment was conducted as described in Fig. 3.8.
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Fig. 3.12. Expression fold-change magnitude for individual biological replicates of genes PR15
and PR14. Fold-change differences for PR15 (A through C) and PR14 (D through F) message in
Newton “N”, H9-Iris “H9”, H13-Molly “H13”, H21-Hamlet “H21”, H33 and B. distachyon “Bd”.
Experiment was conducted as described in Fig. 3.8.
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Fig. 3.13. Expression fold-change magnitude for individual biological replicates of genes PR10
and PR5. Fold-change differences for PR10 (A through C) and PR5 (D through F) message in
Newton “N”, H9-Iris “H9”, H13-Molly “H13”, H21-Hamlet “H21”, H33 and B. distachyon “Bd”.
Experiment was conducted as described in Fig. 3.8.
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Fig. 3.14. Expression fold-change magnitude for individual biological replicates of gene PR12.
Fold-change differences for PR12 message in Newton “N”, H9-Iris “H9”, H13-Molly “H13”, H21Hamlet “H21”, H33 and B. distachyon “Bd”. Experiment was conducted as described in Fig. 3.8.
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Fig. 3.15. Expression fold-change magnitude for individual biological replicates of genes PR1 and
NCED. Fold-change differences for PR1 (A) and NCED (B) message in B. distachyon. Experiment
was conducted as described in Fig. 3.8.

