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Abstract
A recent study in Solanum bulbocastanum (a wild relative of the cultivated
potato) aiming to identify potential genes involved in aphid and pathogen resistance
mechanisms found that a homolog of the Arabidopsis thaliana cysteine protease gene
RD19a is upregulated during aphid infestation. RD19a is upregulated in response to
abiotic stresses such as drought and high salinity, and rd19a mutants show increased
susceptibility to bacterial infection. In this study, Arabidopsis rd19a mutants and wildtype plants were subjected to aphid feeding to observe and compare the molecular,
physiological and phenotypic responses. The aim was to further establish the proof of
concept regarding the direct role of this gene in resistance mechanisms. Gene expression
analysis was conducted to determine if RD19a is inducible by insect herbivory. Mutants
showed an increased susceptibility to aphids, demonstrated by earlier appearance of
tissue necrosis, higher percentages of electrolyte leakage and greater levels of aphid
reproduction on these plants. Gene expression analysis showed that RD19a is aphidinducible, implicating it in biotic as well as abiotic stress resistance. Furthermore,
mutation of RD19a appeared to compromise specific herbivory response mechanisms as
demonstrated by an impaired induction of chitinase, a known insect defense-related gene,
in rd19a mutants. This study confirmed that RD19a is an important component of the
basal defense against aphid herbivory in Arabidopsis; perhaps its role is more important
in plant species exhibiting greater resistance to aphids than Arabidopsis (e.g. S.
bulbocastanum). RD19a appears to be highly conserved in plants and animals, although
the biological functions may have diverged.
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CHAPTER 1: Background and Goals of the Study

Introduction
Cysteine proteases (CP) represent a large class of proteolytic enzymes involved in
cleavage of specific target polypeptides for myriad purposes, including degradation of
improperly folded proteins and participation in cell signaling (Grudkowska and
Zagdanska, 2004). Some plant CPs have recently been investigated regarding their
involvement in physiological defenses against abiotic stresses such as cold and drought.
Other plant CPs are involved in the response to biotic stresses such as herbivory,
catalyzing the conversion of inactive proteins to toxins that are harmful to the invaders
(Konno et al., 2004; van der Hoorn and Jones, 2004). Other CPs function as important
components of signaling pathways and are believed to play a key role in defense
mechanisms against pathogens and herbivores through some processes associated with
programmed cell death (Solomon et al., 1999).
A large number of genes encoding proteins with the highly conserved peptidase
C1A domain, a hallmark of the papain family of cysteine proteases, have been identified
in flowering plants (MEROPS database; Rawlings et al., 2012), although many of the
protein products they encode have not been functionally characterized to reveal their
precise biological or cellular functions. A CP-encoding stress-related gene, RD19a, was
identified in the early 1990’s in the plant genetic model Arabidopsis thaliana (a member
of the cabbage family of dicotyledonous plants). RD19a was shown to be upregulated
during drought, indicating that it may play a role in cellular adjustments to the
physiological perturbations caused by stress (Koizumi et al., 1993). This hypothesis was
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strengthened by the subsequent analysis of rd19a mutants, which showed that reduction
in the expression of this gene made plants more susceptible to infection by the bacterium
Ralstonia solanacearum (Bernoux et al., 2008). Recently, a semi-global analysis of the
transcriptome of Solanum bulbocastanum, a wild relative of the cultivated potato
(Solanum tuberosum), provided the preliminary data implicating RD19a with a possible
defense mechanism to green peach aphids (Myzus persicae) and late blight disease, which
is caused by the oomycete Phytophthora infestans. S. bulbocastanum is highly resistant to
both and likely has a strong resistance to many viral diseases as well, since aphids
frequently act as viral vectors (Stafford et al., 2012). This semi-global analysis showed
that the Arabidopsis RD19a has an ortholog in solanaceous plants, and by virtue of
differential expression, S. bulbocastanum appears to have a superior allele with better
functionality than the corresponding allele in the cultivated potato. This trend further
established the initial hypothesis that RD19a is likely to be an important component of a
robust defense mechanism to both aphid infestation and late blight infection (Mukherjee,
2012, Doctoral Dissertation, University of Maine). However, apart from this seminal
information, no extensive study beyond comparative expression analysis has so far been
conducted in any plant species to show if and how RD19a directly contributes to
resistance to piercing/sucking insects.
With the paradigm of comparative and functional genomics, we posit that an
Arabidopsis rd19a mutant can be used as a model system to learn more about the role of
this gene in insect resistance mechanisms in plants. Understanding the role of RD19a in
Arabidopsis will provide the basis for future translational analysis in plants of more
economic importance, such as the cultivated potato (S. tuberosum) and its wild cousin S.
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bulbocastanum (with the superior allele for this gene). Moreover, the signaling pathways
involved in biotic defenses are remarkably similar between plants and animals (Ausubel,
2005; Solomon et al., 1999), including humans, with cysteine proteases involved in
apoptosis and other regulatory functions in both kingdoms. Therefore, we expect that this
study will advance current knowledge about the role of cysteine proteases in plant and
animal cells in general.
The goal of this study is to establish further groundwork and proof of concept for
more in-depth molecular and biochemical analysis of RD19a-mediated signaling and
defenses in the future. This groundwork entails understanding the evolutionary
conservation of RD19a in plants and animals, and assessing the effects of rd19a mutation
on the ability of Arabidopsis to elicit its basal defense mechanism against insect
herbivory.

Review of literature
Plant interactions with pathogens and herbivores
Plants are engaged in a constant battle with fungal and bacterial pathogens and
myriad insect herbivores that also transmit viral diseases. Much like humans, plants have
non-specific defenses in the form of anti-microbial compounds and structural barriers,
similar to the components of innate immunity in humans and other animals. Plants also
have some specific mechanisms for pathogen recognition, similar to the mechanism of
acquired immunity in humans.
Non-specific plant defenses can be induced by the presence of elicitors including
fungal-derived or bacterial-derived polypeptides and polysaccharides. The presence of
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such elicitors can lead to the activation of mitogen activated protein kinase (MAPK),
which phosphorylates and activates transcription factors. The consequence of this event is
the upregulation of specific genes which lead to enhanced defenses or resistance to the
invading pathogens. Specific pathogen recognition refers to gene-for-gene interaction
between a plant R-gene product and a pathogen avirulence (avr) gene product. This can
be a direct, highly specific interaction between the avr and R-gene protein as in human
antibodies. However, it appears that in most cases interactions between avr proteins and
R-gene proteins occurs not by direct binding but by R-gene protein monitoring of host
targets of pathogen elicitors (Thatcher et al., 2005).
Regardless of how a pathogen is recognized, recognition leads to a rapid increase
in reactive oxygen species (ROS), which serve to directly damage pathogens and may
induce structural barriers to further infection. Following this oxidative burst, the
hypersensitive response (HR) also begins. HR entails localized rapid cell death
surrounding infected tissue. This process can increase the production of anti-microbial
compounds in addition to preventing the spread of the infection by killing the tissue that
pathogens could feed on to gain nutrients for proliferation (Thatcher et al., 2005).
The plant’s recognition of invading insect herbivores is remarkably similar to how
plants recognize and respond to pathogens. Wounding in certain patterns as well as insect
saliva, both independent of actual insects, have both been shown to elicit a stronger
response from plants than random mechanical wounding alone. Insect saliva likely
contains chemical elicitors that serve to induce signaling mechanisms similar to the
pathways often induced in response to an invading pathogen (Howe and Jander, 2008).
Some R-genes have been shown earlier to be involved in defenses to herbivory as well.
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R-genes are present in highly duplicated copies in the genomes of plants, some of which
have evolved specialized functions as mediators of resistance to biotic stresses other than
fungi and bacteria. It has been shown that salivary elicitors in piercing/sucking as well as
chewing insects could induce defenses through the expression of specific R-gene analogs
in a signaling mechanism similar to the R-gene mediated pathways triggered by bacterial
and fungal pathogens (Song et al., 2003; Rossi et al., 1998). Some of the known defenses
triggered by an R-gene mediated signaling during plant-herbivore interactions include the
synthesis of chemical barriers through the phenylpropanoid pathway (Dixon et al., 2002).
Another commonality between the mechanism of plant responses to pathogens and
herbivores is the involvement of overlapping sets of chemical signals including salicylic
acid (SA) and jasmonic acid (JA), which define the various types of cross-talks between
the two signaling pathways, leading to common defenses (Koorneef and Pieterse, 2008).
Moreover, some insect herbivores such as aphids act as vectors for viral diseases, causing
a much more complex defense signaling and physiological responses (Stafford et al.,
2012).

Cysteine proteases and plant defense response
Cysteine proteases are a class of proteolytic enzymes involved in cleavage of
specific target polypeptides. These enzymes play a role in myriad cellular processes,
including housekeeping functions such as degradation of improperly folded proteins in
order to free up amino acids for polypeptide synthesis. In addition, cysteine proteases
play a role in protein maturation and participate in cell signaling cascades. Cysteine
proteases can account for up to 30% of the proteolytic enzymes present in a healthy,

5

mature plant under optimal conditions, although this can increase to as much as 90%
when the plant is senescing as a consequence of stress and/or aging (Grudkowska and
Zagdanska, 2004).
Many proteins in the caspase family, one of the two major groups of cysteine
proteases, function as signaling components in stress response pathways. Caspases are
involved in programmed cell death (PCD), a well-studied pathway that leads to highly
regulated cell death. In plants, PCD is known to play an important role in cellular defense
mechanisms against both biotic and abiotic stresses in addition to its role in development
and reproduction (Liu et al., 2005). Exposure of plants to toxic substances, for example
hydrogen peroxide, leads to the activation of cysteine proteases, which in turn activate
the proteolytic cleavage of a series of molecules involved in the signaling cascade that
ends in PCD (Yun et al., 2010; Park et al., 2010; Liu et al., 2005). Cysteine proteases are
regarded as integral to the regulation of this process, as overexpression leads to a
constitutive display of cell death symptoms and underexpression inhibits PCD, hence
cysteine proteases may be a component of the integral role played by PCD in defense
mechanisms (Solomon et al., 1999).
Cysteine proteases have a number of roles in plant responses to biotic stress
factors. Papain, a cysteine protease found in the latex of papaya plants, is directly toxic to
insect herbivores and either inhibits growth of larvae or kills adult insects that consume it
(Konno et al., 2004). No particular mechanism for this observed toxicity has been
hypothesized, although it is believed that organisms are resistant to cysteine proteases
residing in their own gut but are susceptible to those created by other species (van der
Hoorn and Jones, 2004). Other cysteine proteases of the cathepsin family, the other major
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group of the cysteine protease class, are involved in pathogen or herbivore protein
degradation as a direct defensive mechanism by the plant. A large number of genes
encoding the highly conserved peptidase C1A domain, a hallmark of the cathepsin
family, have been identified in flowering plants (MEROPS database), although many of
their protein products have not been functionally characterized.

RD19a function
In a previous study in the De los Reyes laboratory, it was found that the high level
of resistance to green peach aphids (Myzus persicae) exhibited by the wild Solanum
bulbocastanum, which is a cousin of cultivated tuber-bearing potato Solanum tuberosum,
was associated with the high expression of a number of putative signaling-related and
defense-related genes during the early stages of infestation. Aphid-induced expression of
many of those genes was not observed in the aphid-susceptible cultivated potato.
Moreover, a large number of such genes that showed differential expression in response
to aphids in S. bulbocastanum were also differentially induced by late blight disease,
caused by the oomycete Phytophthora infestans. S. bulbocastanum is known to be highly
resistant to both aphids and late blight, but S. tuberosum is highly susceptible to both
(Mukherjee, 2012, Doctoral Dissertation, University of Maine). One of the genes
identified to be differentially expressed in S. bulbocastanum and S. tuberosum during the
initial 48 hours of aphid infestation and late blight infection was a homolog of the
Arabidopsis RD19a gene, which was previously implicated in resistance to cold and
drought stresses (Koizumi et al., 1993).
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The RD19a gene encodes a cysteine protease containing the peptidase C1A
domain. It was discovered during an experiment to identify genes in Arabidopsis that are
inducible by drought conditions and was shown to be upregulated in response to
desiccation, indicating that it could be a part of the plant’s stress response (Koizumi et al.,
1993). Further experiments demonstrated that RD19a is also inducible by high salinity
conditions, meaning that it could function in the Arabidopsis stress response to a broad
range of abiotic factors. More recent experiments involving the Gram-negative soil
bacterium Ralstonia solanacearum showed that rd19a mutants of Arabidopsis were less
able to resist infection than the wild-type plants (Bernoux et al., 2008). This observation
indicates that RD19a also has a role in the biotic stress response, consistent with the
recent findings in Solanum bulbocastanum. Given the known overlap or signaling crosstalks during plant defenses against diseases, herbivory and physiological perturbations
caused by environmental stresses such as cold, drought and salinity, the findings in
Solanum bulbocastanum provided the justification to examine the function of RD19a in
the context of aphid resistance mechanisms, for possible future applications in potato
breeding.
As detailed above, several studies have implicated RD19a or the potato homolog
in plant stress response pathways. However, no extensive study has been conducted yet to
show how the RD19a homolog increases resistance to other types of bacteria, fungal
diseases, piercing/sucking insect herbivores and the viral diseases they often transmit.
This information would be useful in determining whether the RD19a homolog would be
worthwhile pursuing as a gene to introduce into S. tuberosum to increase its baseline
resistance to diseases and insect herbivores.
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Determining the function of the RD19a homolog in S. bulbocastanum would
ideally be performed by either targeted mutation to knockout the gene (loss of function),
or by constitutively overexpressing the gene (gain of function) to assess the effects on
cellular physiology and biochemistry as well as the whole plant level phenotype.
Unfortunately, both of these strategies are very time consuming and technically
demanding, because they involve the methods of transgenesis, which is not very well
established in a non-model plant such as S. bulbocastanum. As the eminent genetic model
in plant biology, Arabidopsis thaliana can be easily transformed with a foreign gene by
virtue of its high susceptibility to Agrobacterium tumefaciens, the soil-borne bacterium
that causes the crown gall tumor in plants. Agrobacterium is able to transfer any gene
contained within the T-DNA region of its tumor-inducing (Ti) plasmid into the genome
of Arabidopsis (and other susceptible species of plants), through the virulence proteins
that are also encoded by the Ti-plasmid outside of the T-DNA region (Hooykaas and
Schilperoort, 1992). During infection, only the T-DNA region of the Ti-plasmid is
transferred into the genome of the host plant. Laboratory-engineered versions of the Tiplasmid that are able to transfer foreign genes (transgenes) into the genome of plants
without causing crown gall tumor (disarmed Ti plasmids) have been established as a
routine tool for transferring foreign genes into the genome of plants for various purposes
including functional genomics (Szbados et al., 2002; Bouche and Bouchez, 2001). This
gene transfer system is very well established and routine in Arabidopsis, providing the
foundation for the functional genomic analysis of the RD19a gene described in this
thesis.
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Reverse genetic analysis of RD19a
Agrobacterium-mediated gene transfer occurs randomly into the genome of
Arabidopsis with a slight bias towards the coding region of the genome. During insertion
of the transgene into the genome, the T-DNA may integrate within a gene locus, causing
mutations that often disrupt the normal function in terms of expression or biochemical
activity of the affected gene, a phenomenon known as T-DNA insertional mutagenesis.
T-DNA insertional mutagenesis in Arabidopsis could produce knockout (complete loss of
function), knockdown (partial loss of function) or activation (gain of function) mutants
depending on the strategy of transformation and type of T-DNA used. In this study, we
took advantage of the previously developed T-DNA insertional mutant population in the
Arabidopsis ecotype Columbia to examine some lines with possible T-DNA insertion
within the RD19a gene for use in a heterologous analysis of RD19a gene function within
the context of our earlier observation of the important role of this gene in aphid defense
mechanisms in S. bulbocastanum (Arabidopsis Biological Resource Center;
http://abrc.osu.edu/).
Defense pathways in Arabidopsis and solanaceous species have been shown to
share significant homology (Anderson et al., 2005). Therefore, an Arabidopsis rd19a
mutant can be used as a heterologous model system to learn more about the role of this
gene in insect and pathogen resistance mechanisms in plants in general. Understanding
the role of RD19a in Arabidopsis could provide the foundation for future translational
analysis in plants of more economic importance, such as the cultivated potato (Solanum
tuberosum). Moreover, signaling pathways involved in defense responses, such as innate
immunity and programmed cell death, are remarkably similar between plants and animals
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(Ausubel, 2005; Solomon et al., 1999). Therefore, we expect that this study will increase
knowledge about defense mechanisms and the role of cysteine proteases in plant and
animal cells in general.

Specific Objectives
This study aims to contribute to the establishment of further evidence on the
direct involvement of RD19a in biotic response signaling and defenses in the model plant
Arabidopsis thaliana and to gain insights into the evolutionary conservation of this gene
in the plant kingdom and eukaryotes in general. The experiments performed as part of
this thesis were guided by the following specific objectives:
1) To examine the extent of RD19a conservation during the evolution of flowering
plants and eukaryotic organisms in general using the available tools of
bioinformatics and phylogenomics. The intent was to examine structural
conservation and divergence that may provide insights into the molecular and
biochemical function of RD19a.
2) To evaluate the contribution of RD19a expression to the basal defense
mechanisms of Arabidopsis against the piercing/sucking insect Myzus persicae
(green peach aphid) at the molecular, physiological and whole-plant levels
through the analysis of T-DNA insertional mutants. The intent was to determine
the extent to which the loss (complete or partial) of RD19a function could
compromise basal resistance to aphids and use such knowledge to infer the
importance of RD19a in the aphid resistance mechanism exhibited by S.
bulbocastanum.
11

CHAPTER 2: Structural and Phylogenetic Analysis of RD19a

Introduction
An important goal of this project was to develop an understanding of the
biochemical features of the protein encoded by RD19a (to gain insights as to its possible
function in insect defense mechanisms) through the analysis of conserved sequence
domains and phylogeny. Understanding the level of conservation was necessary to
determine whether RD19a is specific to flowering plants, and whether or not the findings
in Arabidopsis could be used to develop a hypothesis about the possible role of RD19a
homologs in responses to diseases and similar factors in other organisms including
animals. A variety of bioinformatics approaches were used to compare RD19a to
homologous genes in a diverse group of eukaryotes, and to predict similarities in
biochemical properties among the proteins encoded by the homologous genes.
First, genes similar to RD19a were identified in other eukaryotic species.
Phylogenetic analysis was then carried out to demonstrate the relationship between the
genes. Multiple sequence alignment was used to demonstrate the conservation of the gene
among eukaryotes. Finally, a number of other bioinformatics tools revealed biochemical
information about the protein products, as well as possible protein localization
information.
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Materials and Methods
Identification of homologous sequences from genome databases
Genes from other species sharing significant sequence homology with RD19a
were identified using both nucleotide and protein BLAST (ncbi.nlm.nih.gov) in order to
gather as many potential homologs as possible. The Arabidopsis RD19a coding sequence
was used in the initial BLAST search in order to retrieve as many potential homologs as
possible from closely related and distantly related organisms. This search returned a
number of hits including both genomic sequences and coding sequences (CDS). A second
search was also conducted using the amino acid sequence to ensure representation of
genes in both the nucleotide and protein sequence databases.
To search for more potential homologs in the animal kingdom, a final search was
conducted using the amino acid sequence from the initial query with the highest
probability and e-value against a homologous sequence from an animal (i.e., western
clawed frog). Each search using amino acid sequence queries returned genes from a
number of vertebrate and invertebrate species. The amino acid sequence of one gene from
each species was collected regardless of the e-value, which represents the statistical
significance of the result; the closer the e-value is to 0, the lower the chance is that the
result shows sequence similarity to the query sequence as a result of random chance. The
e-value for each result was less than or equal to 10-31, indicating a high level of
significance. Many of the sequences, especially those of plants, showed an e-value of 0.0,
meaning that the sequence conservation within the plant kingdom was extremely high.
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Phylogenetic analysis
ClustalW2 is a multiple sequence alignment program that generates phylogenetic
trees from user-entered nucleotide or amino acid sequences based on sequence
similarities. In this study, ClustalW2 was used to visualize the relationships between the
putative RD19a homologs based on full-length or near full-length amino acid sequences.
To determine the similarity between the genes returned by nucleotide and protein
BLAST, two phylogenetic trees were constructed. The first was constructed from amino
acid sequences returned by the first BLAST search, using the nucleotide sequence of
RD19a as the query. The second was constructed from amino acid sequences returned by
all of the BLAST searches conducted using the nucleotide sequence of RD19a, the amino
acid sequence of RD19A, and the amino acid sequence of the potential homologous
protein in the western clawed frog. These separate trees were constructed to best visualize
the conservation of the gene sequences among the most similar sequences (those returned
using the nucleotide sequence as a query) and among sequences more likely to be
dissimilar (those returned using the amino acid sequence of RD19a and the frog potential
homolog). Phylogenetic reconstructions using ClustalW2 were based on the nearneighbor joining method (Larkin et al., 2007; www.ebi.ac.uk).

Multiple sequence alignment by SALAD
To provide further resolution to the phylogenetic comparisons of RD19a
homologs afforded by ClustalW2, a second analysis tool was used which relies on the
occurrence of short conserved sequences across orthologous sequences at a high
resolution. SALAD (Surveyed conserved motif ALignment diagram and the Associating
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Dendrogram) is a multiple sequence alignment program that identifies conserved
sequence motifs and displays sequences at this motif level (Mihara et al., 2010;
www.salad.dna.affrc.go.jp). Assignment of a unique color and number combination to
each motif makes it very easy to see where motif shuffling, insertions, and deletions have
occurred. Because of this graphical motif display, SALAD was used to align all amino
acid sequences gathered from the nucleotide and amino acid BLAST searches. Sequences
were submitted to “Interactive SALAD Analysis”. In addition to the alignment containing
all of the sequences, SALAD was used to align all of the plant sequences with the human
sequence, and all of the animal sequences with the query sequence for RD19a from
Arabidopsis. Sequence comparison of motifs 15 and 39 was done by clicking on the
motifs in the interactive SALAD analysis view online and placing the resulting sequence
information side by side. ClustalX2 was used for additional alignment of all sequences
for viewing at the amino acid level (Larkin et al., 2007; www.ebi.ac.uk). This multiple
sequence alignment program can be used to align amino acid sequences and color-code
the residues based on their biochemical properties to demonstrate conservation of
properties such as hydrophobicity.

Prediction of the biochemical properties of RDA19a proteins
The biochemical properties and cellular location of homologous RD19a proteins
were predicted using available computational proteomics tools. Analyses of the primary
structure, biochemical properties and cellular location of RD19A were conducted.
Various programs were used to further characterize the protein products of representative
RD19A homologs from the major groups of organisms (plants, vertebrate animals,
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invertebrate animals). The molecular weight (MW) and isoelectric points (pI) were
calculated using Compute pI/Mw (Bellqvist et al., 1993; Bellqvist et al., 1994; Gasteiger
et al., 2005; www.web.expasy.org). Mitochondrial targeting probability (MTP) was
determined using MITOPROT (Claros and Vincens, 1996; www.ihg.gsf.de). Potential
signal cleavage sites were identified with SignalP (Petersen et al., 2011;
www.cbs.dtu.dk). The presence of transmembrane domains (TMD) was predicted with
TMHMM (Sonnhammer et al., 1998; www.cbs.dtu.dk). The presence of chloroplast
targeting signals was predicted using ChloroP (Emanuelsson et al., 1999;
www.cbs.dtu.dk). Myristoylation, prenylation, and glycosylphosphatidylinositol (GPI)
anchor sites were predicted using NMT (Eisenhaber et al., 2003; www.mendel.imp.ac.at),
PrePS (Maurer-Stroh and Eisenhaber, 2005; www.mendel.imp.ac.at), and big-PI
Predictor (Eisenhaber et al., 2003; www.mendel.imp.ac.at), respectively. Sequences were
manually searched for oligosaccharide attachment sites characteristic of lysosometargeted proteins. The results of these inquiries for a representative set of organisms are
shown in Table 1. Full results can be found in Appendix A.

Results and Discussion
Multiple sequence alignment
Fifty-five genes similar to RD19a from other species were identified using
BLAST with e-values ranging from 0.0 to 10-31. The initial BLAST search using the
coding sequence of Arabidopsis thaliana RD19a returned genes from organisms such as
Arabidopsis lyrata, Thellungiella halophila, and Zea mays. These results show that
similar genes are found among monocots and dicots, indicating that at least among plants,
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the gene is performing a function that is important enough to have been conserved during
about 170 million years of evolutionary divergence in the plant kingdom (the monocotdicot divide).
While conservation among the monocot and dicot groups of flowering plants was
a good starting point, finding a similar gene in other plants as well as animals was
desirable in order to further substantiate the functional prediction based on evolutionary
conservation. Since the genetic code is degenerate, different nucleotide sequences can
encode very similar proteins at the amino acid level; therefore the search was repeated
using the amino acid sequence of RD19A. In the initial search using Arabidopsis RD19A
as the query, homologous genes were found in both monocot and dicot plants with very
highly significant e-values and among invertebrate and chordate animals with moderately
significant e-values. These results indicate that RD19a is a highly conserved member of
the large family of C1A-domain containing cysteine proteases between the plant and
animal kingdom, suggesting potential roles in similar or equivalent biochemical
processes in both groups. A full list of species containing putative homologs can be found
in Appendix A, and in neighbor-joining tree form in the phylogenetic analysis and
multiple sequence alignment results.
The neighbor-joining trees constructed using ClustalW2 are shown in Figures 1
and 2. Figure 1 shows the genes found using the nucleotide sequence of RD19a as the
query in BLAST. Figure 2 shows all 56 sequences. Notable clades are marked in both
figures. The two phylogenetic trees graphically demonstrate the evolutionary
conservation of RD19a among eukaryotes. The first phylogenetic tree shows that the
sequence divergence of the genes more or less follows the evolutionary divergence of the
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species themselves. For instance, the Brassicaceae family can be seen grouped together in
the clade containing A. thaliana, A. lyrata, T. halophila, and Brassica oleracea.
Monocots are represented by the clade containing corn, rice, barley, and purple false
brome (Brachypodium distachyon). The two sequences belonging to solanaceous species
(eggplant and chili pepper) are shown to be most closely related to one another. Finally,
the members of the Fabaceae family (common bean, white lentil, soybean, chickpea,
barrel medic, and peanut) are all found together within the same clade.
This evolutionary divergence trend held true for the second phylogenetic tree as
well. Insects, fish, marine invertebrates, and mammals are clustered into distinct groups.
Further relationships among members of these groups can be elucidated as well. The
amphibious frog is closer to the fish than to the mammals, reflecting the evolutionary
distance from higher animals. Among the mammals, the panda and domestic dog are
immediately next to each other representing the order Carnivora, while the equally close
European cattle and wild boar are the only members of the order Artiodactyla. All of the
members of the order Primate (greater galago, Sumatran orangutan, human, common
chimpanzee, white-cheeked gibbon, marmoset, and bonobo chimpanzee) are found in the
same clade, with some further separation of the Hominidae family. The members of the
order Rodentia (mouse, rat, Chinese hamster, Guinea pig) are also found clustered
together. The African elephant, horse, and European rabbit belong to orders distinct from
the previously mentioned animals and from each other, as demonstrated in the tree. The
ocean-dwelling starlet sea anemone and purple sea urchin are found close to one another,
along with a close relative of echinoderms, the acorn worm. All members of the order
Hymenoptera are clustered together, away from insects belonging to other orders. Most
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of the worms, such as Caenorhabditis elegans, Caenorhabditis remanei, and Schistosoma
mansoni, are also found together.

Figure 1. Phylogenetic tree showing the relationships between RD19A homologs in
representative groups of plants representing about 170-200 million years of
evolutionary history. The neighbor-joining tree was created using ClustalW2. Clades are
marked with brackets to show relationships between species. Sequence similarity shows a
strong correlation with evolutionary relationships.
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Figure 2. Phylogenetic tree showing the relationship of RD19a homologs in
representative eukaryotic organisms. The neighbor-joining tree was constructed using
ClustalW2. Notable clades are marked with brackets. Sequence similarity shows a strong
correlation with evolutionary relationships and divergence of the plant and animal
kingdom.
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Domain conservation and shuffling in RD19a protein
Results of the sequence alignment and phylogenetic reconstructions of all
collected RD19a homologs using the SALAD analysis pipeline is shown in Figure 3.
Figures 4 and 5 show the alignment of all plant sequences with the human sequence, and
all animal sequences with Arabidopsis, respectively. SALAD partitions the similarities
among the homologous sequences in small conserved sequence motifs within and outside
the signature inhibitor I29 and peptidase C1A functional domains of RD19A-like
cysteine proteases, revealing different regions where fine-scale similarities and
differences among the homologous RD19A proteins from different groups of eukaryotes
can be seen. For instance, Figure 6 demonstrates sequence similarity between motifs 16
and 36 assigned by SALAD. Figure 7 shows the ClustalX2 alignment of all sequences at
the amino acid rather than the motif level, demonstrating the high level of sequence
conservation in the first ~20 amino acids (amino termini) indicative of conserved signal
peptides. After determining the conservation of and relationship between the genes
among eukaryotes, the extent of sequence similarity between the genes was investigated.
BLAST identifies putative conserved domains in query sequences; therefore RD19A was
known to contain the peptidase C1A domain and the I29 inhibitor domain. However, the
presence of these domains among all of the sequences had not been confirmed, and the
level of sequence homology outside of these domains was unknown. SALAD was used to
address these questions.
The peptidase C1A domain, shown as the collection of motifs 1, 5, 12, 3, 8, 2, and
11 in Figure 3, is present in almost every sequence in some form. Although short
insertions or deletions have occurred in some organisms, the function of the domain is
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presumed to remain intact. The inhibitor I29 domain is comprised of motifs 4 and 6, a
version of which is also found in each organism. This indicates that the general function
of RD19A within the context of this domain is conserved throughout the domain eukarya.
Initially, the fact that some plant and animal sequences started with motif 16
while others started with motif 36 was unexpected. It was anticipated that such
differences would be found between clades or between plant and animal groups.
However, motif 16 is found in many mammals as well as both monocots and dicots.
Motif 36 is found in insects, vertebrates, and plants. Comparison of the amino acid
sequences (Figure 6) showed that the motifs are fairly similar; motifs 16 and 36 both
represent a sequence of around 20 amino acids with mostly hydrophobic residues. Given
the similarity, the biochemical and structural functions of these motifs are likely the
same, so the presence of each motif in a variety of organism types is not so unexpected.
Motifs number 20, 40, 42, 23, and 27 were found exclusively in plants. Although
none of the corresponding amino acid sequences were predicted to contain a conserved
functional domain, this does highlight the evolutionary relationship between the different
organisms. For example, motif 27 is present in the middle of the peptidase C1A domain
between motifs 3 and 2. Some insects contain the relatively similar motif 43 in the same
place, while this sequence is lost in higher organisms. Also of note is that none of the
members of the family Brassicaceae have motif 42 between the I29 inhibitor and the
peptidase C1A domains; aside from Brassicaceae, potato and barrel medic, every other
plant contains motif 42.
The comparison of all plant sequences with the human sequence demonstrates
some of the changes that occurred through evolution. Motifs 9, 7, and 25, seen in the
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human sequence, are completely absent in plants. Several motifs found in the plant
sequences, such as 40, 23, and 27, are not present in the human sequence (nor in other
animals), although whether these sequences have been lost by animals or gained by plants
is not clear. None of these motifs were predicted to represent conserved functional
domains, although some were present as an insertion in the peptidase C1A domain.
A host of motifs found only in the Hymenoptera were checked for the presence of
functional domains. This search included motifs 33, 19, 49, 17, 28, 18, 31, 22, 35, 47, 24,
26, and 44. One conserved domain was predicted in a motif present in Hymenoptera but
not plants, which encompassed only motif 13. This is the CY domain, which is a cystatinlike domain that inhibits cysteine protease activity. This motif is also present in most of
the insects as well as all three fishes, both Caenorhabditis species, and the frog.
Many motifs were not predicted to contain conserved functional domains, but
reinforced the results of the phylogenetic trees. Motifs 50, 34, 41, and 46 are unique to
the two Caenorhabditis species. Motif 15 is found only in the vertebrates. Only
marsupials have motif 38. Motifs 9 and 7 are unique to mammals; furthermore, the
majority of organisms containing this motif are primates.
Motifs 48, 30, and 37 are unique to the fish group. Motifs 13 and 30 together
comprise a cystatin-like cysteine protease inhibitor which, due to the addition of motif
30, seems to be a variant of the cystatin-like inhibitor found in the insects, roundworms,
fish, and frog. Motif 48 does not represent any known conserved functional domain,
while motif 37 is an insertion in the peptidase C1A domain.
Several of the mammals are missing motif 9, 7, or both, which together would
otherwise be considered a hallmark of this class. The organisms not containing one or
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both of these motifs come from a variety of orders, making it difficult to determine when
and why these losses occurred. Additionally, several of the organisms have lost motif 11
which is present at the very end of the protein. These organisms are potato, Trypanosoma
cruzi, Schistosoma mansoni, and purple sea urchin. The evolutionary diversity of these
species, as seen on the phylogenetic tree and SALAD motif alignments, indicate that this
loss probably occurred independently in each case.
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Figure 3. Conservation of RD19A primary structure among eukaryotes. The neighbor-joining phylogenetic tree, seen at the left of
the figure, demonstrates evolutionary relationships between the presumed homologs. The colored, numbered bars represent conserved
sequence motifs as determined by SALAD. The functional domain of RD19A, the peptidase C1A domain, is shown as the collection
of motifs 1, 5, 12, 3, 8, 2, and 11, which is present in every sequence in some form. Although short insertions or deletions have
occurred in some organisms, the domain structure appears to remain conserved even after the divergence of plants and animals from
their last common ancestor. The inhibitor I29 domain, the other conserved domain of RD19A, is comprised of motifs 4 and 6. A
version of this is also found in nearly every species. This indicates that the general function of RD19A is conserved throughout the
domain eukarya. A high level of similarity is also found outside of the conserved functional domains among members of a given
family. RD19a appears to have remained almost completely unchanged among plants. Significant additions have occurred among
animals (for example, motifs 9, 7, and 13), indicating that perhaps the gene has gained a new functionality in these species.
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Figure 4. Multiple sequence alignment of RD19A homologs in plants and human using SALAD. Sequence motifs are represented
by unique number and color assignments. Alignment of plant sequences with the human sequence demonstrates conservation and
divergence in the gene over the course of evolution. The peptidase C1A and inhibitor I29 domains are maintained between plants and
vertebrates, suggesting a conservation of general biochemical (but not biological) functions throughout the domain eukarya. The
protein is remarkably conserved among plants with almost no variation at the motif level.
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Figure 5. Multiple sequence alignment of RD19A homologs in animals and Arabidopsis using SALAD. Sequence motifs are
represented by unique number and color assignments. Alignment of animal sequences with the Arabidopsis sequence demonstrates
conservation and divergence in the gene over the course of evolution. The peptidase C1A and inhibitor I29 domains are maintained
between plants and vertebrates, suggesting a conservation of general biochemical (but not biological) functions throughout the domain
eukarya. The high level of variation outside of the functional domains indicates that the biological function of RD19A may be
different between families of animals.

Figure 6. Comparison of motifs 16 and 36 using SALAD. This comparison
demonstrates similarity between motifs 16 and 36 in sequence length and hydrophobicity.
Hydrophobic amino acids are shown in blue. Despite having distinct motif numbers
assigned by SALAD, these sequences are quite similar in length and hydrophobicity.
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Figure 7. Multiple sequence alignment of RD19A homologs in selected eukaryotes
using ClustalX2. Amino acids highlighted in blue represent conserved hydrophobic
residues. The high level of hydrophobicity in the first ~20 amino acids in each sequence
is characteristic of proteins targeted to the endoplasmic reticulum.
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Predicted biochemical properties of RD19A based on sequence data
Table 1 contains a summary of biochemical and organelle targeting information
for RD19A homologs in a representative set of species: a dicot plant (A. thaliana), a
monocot plant (O. sativa), a roundworm (C. elegans), a marine invertebrate (A. sulcata),
an insect (B. terrestris), a fish (D. rerio), and a mammal (H. sapiens). Full data on the
biochemical and organelle targeting predictions for RD19A homologs of all 56 species
are shown in Appendix A.
Most of the plant proteins maintained a slightly acidic isoelectric point (pI) with a
mean pI of 6.28. This varied by plant type, with members of Brassicaceae family
averaging 7.09, monocots averaging 5.89, Solanaceae averaging 6.43, and Fabaceae
averaging 6.27. Among animals, the pI varied greatly by species without nearly as much
similarity among members of the same order.
In general, the plant genes encoded the smallest versions of the RD19A proteins
with the least variation in molecular weight (MW). The MW varied from 39,493 (white
lentil) to 41,016 (barley) with an average of 40,281. MW in animal proteins varied from
30,227 (starlet sea anemone) to 195,457 (red flour beetle). These results were expected
based on polypeptide lengths as seen in the sequence alignments. Sorting organisms by
MW did not produce a meaningful graph; species from vastly different orders and phyla
were thoroughly mixed together with few trends evident.
Transmembrane domains were predicted in only 4 of the 56 proteins, from T.
halophila, soybean, B. distachyon, and T. cruzi. Using 80% as the threshold value for
mitochondrial targeting probability, only 3 proteins are likely targeted to the
mitochondria: those of the red flour beetle, horse, and bumblebee. Because of the

30

different orders of these species, it is likely that this function evolved separately in each
case. In plants, chloroplast targeting signals were not detected. The lack of
transmembrane domains and mitochondrial or chloroplast targeting signals were initially
interpreted as evidence that the protein is cytoplasmic. However, the vast majority of the
proteins contain a signal peptide cleavage site somewhere between the 16th to the 26th
amino acid. This indicates that the protein is being targeted to an organelle, not remaining
in the cytoplasm.
Secreted proteins, membrane proteins and lysosomal proteins are all targeted to
the endoplasmic reticulum (ER) before proceeding elsewhere. ER targeting signals are
generally short (~20 amino acids long), hydrophobic sequences at the N-terminus of a
polypeptide that interact with ER proteins to aid in translocation (Cooper, 2000). Multiple
sequence alignment using ClustalX2 shows that the cleaved signal polypeptides are
highly hydrophobic (Figure 7). This indicates that these proteins are being translocated
into the ER. Lysosomal proteins are marked in the ER lumen with an oligosaccharide at
the asparagine residue contained in the amino acid sequence N-X-T-S (Bittar, 1991).
Only 7 of the 56 proteins contained such a sequence, making it unlikely that these
proteins are lysosomal. Polypeptides that are targeted to the ER can also end up in the
plasma membrane. Most of the sequences do not contain transmembrane domains.
However, the absence of transmembrane domains alone does not preclude the possibility
of a protein functioning in the membrane— covalent attachment of fatty acids can cause a
protein to be membrane-associated. However, most of the sequences did not contain any
myristoylation, prenylation, or GPI anchor sites. Therefore, due to the apparent ER
targeting and the relatively low probability of the protein being lysosomal or membrane-
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associated, it is likely that this protein is secreted. The secreted nature of these proteins
makes sense within the context of the possible role of RD19A as a component of the
early cellular events (signaling) or early defenses against invasion (whether by herbivores
or pathogens).
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Table 1. Predicted biochemical properties and organelle targeting signals of representative homologous RD19A proteins.
Isoelectric point (pI), molecular weight (MW), number of transmembrane domains (TMD), mitochondrial targeting probability
(MTP), chloroplast targeting signal (CTS), presence of signal cleavage sites, and myristoylation (Myristoyl), prenylation (Prenyl), or
glycosyphosphatidylinositol (GPI) anchor sites are listed for a representative set of eukaryotes. These results indicate that the proteins
are secreted, due to the lack of transmembrane domains or fatty acid modification sites, low probability of mitochondrial or
chloroplast targeting, and presence of N-terminal signatures of endoplasmic reticulum-targeted proteins.
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Organism

pI

MW

TMD MTP CTP

Cleavage

Myristoyl

Prenyl

GPI

A. thaliana

6.75

40418.62

0

2.24

no

22-23

no

no

no

O. sativa

6.01

40591.57

0

0.62

no

19-20

no

no

no

C. elegans

8.62

55216.25

0

15.20 no

20-21

no

no

no

D. rerio

6.13

52724.3

0

21.48 no

21-22

no

no

no

A. sulcata

6.73

30227.54

0

29.57 no

--

no

no

no

H. sapiens

8.52

53365.91

0

8.93

19-20

no

no

no

B. terrestris

5.49

100421.91

0

90.71 no

24-25

no

no

no

yes

Conclusions
RD19A-like proteins are found in diverse species across the domain Eukarya
including monocot and dicot plants, marine invertebrate and chordate animals. This level
of conservation indicates that the protein function is integral to the survival of eukaryotic
organisms particularly in relation to possible defenses against invaders and environmental
stresses. Sequence conservation in the functional domains, peptidase C1A and inhibitor
I29, was relatively high and sequences were also fairly conserved outside of these
domains within clades. Some level of sequence divergence outside of the highly
conserved I29 inhibitor and C1A protease domains was also quite apparent between the
plant and animal homologs. This trend indicates that although the biochemical functions
of the homologous proteins have been conserved during the divergence of plant and
animals from their last common ancestor, homologs from each group of eukaryotes have
undergone independent evolution leading to perhaps specialization of biological function
that makes use of similar biochemical activities of a cysteine protease.
Bioinformatics analysis indicated that RD19A and homologous proteins from
other species are not targeted to the chloroplast or mitochondria, but do have signal
sequences characteristic of ER-bound proteins. The lack of lysosome targeting
modification sites, transmembrane domains, and fatty acid attachment sites make it likely
that this protein is secreted. No apparent post-translational modification indicative of
membrane location was detected. All of these trends are consistent with an extracellular
function of this group of cysteine proteases, reiterating their likely important roles in the
initial signaling event or first line of defense against cellular invasion by herbivores (in
plants), pathogens or other parasites (in animals).
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CHAPTER 3: Consequences of T-DNA-induced mutation on RD19a function and
basal defenses of Arabidopsis to aphid infestation

Introduction
The second part of this study addresses the question on the biochemical and
biological function of RD19a in the context of the general defense mechanism against
insect herbivores (e.g. Myzus persicae). In order to answer the key questions about
RD19a expression and function posed by this study, a number of experiments were
carried out using rd19a mutants. Agrobacterium-mediated T-DNA insertion is a potent
means of introducing random mutations into plant genomes, and as the Arabidopsis
genome has been saturated in this manner, mutants for any gene are easily obtainable
(i.e., functional genomics by saturation mutagenesis). Several lines of rd19a T-DNA
mutants were developed and confirmed for the presence of the T-DNA insertion within
the RD19a locus and the effects of these mutations were investigated. The overall goal
was to test the hypothesis that the impairment of RD19a expression (partial or complete
loss of expression) could significantly compromise the ability of Arabidopsis mutants to
manifest the basal defenses against aphids.
Expression of RD19a in mutants and wild-type plants in response to aphid feeding
was analyzed to determine if the gene is inducible by insect herbivory, and if mutation of
the gene affects expression. Phenotypic analyses were also conducted to compare the
susceptibility of rd19a mutants and wild-type plants to aphids. This was accomplished by
comparing tissue necrosis, electrolyte leakage, and aphid reproduction levels between
mutant lines and the wild-type.
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Materials and Methods
Genotyping of putative rd19a insertional mutants by genomic PCR
Seeds from five putative independent T-DNA insertion mutants within the RD19a
locus were obtained from the Arabidopsis Biological Resource Center. These T-DNA
insertion lines were generated by Agrobacterium-mediated transformation of the
Columbia ecotype with the pROK2 plasmid containing a kanamycin resistance gene
within the T-DNA region as the insertion mutagen. Seeds of these lines (S1=
SALK065256C, S2= SALK090551, S3= SALK025225, S4= SALK083134, and S6=
SALK053577C) were vernalized at 4oC for three days and were direct seeded in Ready
Earth planting mix in 4-inch pots. The seeds were allowed to germinate and were grown
subsequently in a growth chamber set at 22oC/21oC day/night temperature regime, with
12 hours photoperiod with ample water conditions to saturation. At the 20-25 leaf stage,
leaf tissue was collected from each mutant line as well as the wild-type. DNA was
extracted from frozen leaf tissue as described by Murray and Thompson (1980).
The presence of the T-DNA tag within the RD19a locus was determined using a
combination of primers specific to the T-DNA tag (BP primer) and primers specific to the
left (LP primer) and right (RP primer) flanking sequence tags (FST) of the RD19a gene
(Figure 8A; primer sequences and annealing temperatures are provided in Appendix B).
All primers were designed using the PrimerL analysis tool. Three independent PCR
reactions were performed on the DNA from wild-type and putative mutant plants as
follows: reaction “a” amplified the target amplicon with primers LP and RP, reaction “b”
amplified the target amplicon with primers BP and RP, and reaction “c” comprised a
combination of LP, RP and BP to amplify all three possible amplicons (Figure 8). The
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results of each reaction were visualized with agarose gel electrophoresis using standard
procedures. PCR results were used to determine not only the presence or absence of TDNA insertion within the RD19a gene but also to distinguish between homozygous and
hemizygous insertion lines.

Analysis of RD19a expression by quantitative real-time PCR
Seeds from homozygous mutant lines were collected, vernalized and planted
following the same procedure outline above. Five of each homozygous mutant lines and
the wild-type Columbia (WT) were grown in a growth chamber. At the 20-25 leaf stage,
WT and mutant plants were inoculated with aphids at a density of approximately 1 aphid
per leaf. Leaf tissue was collected prior to infestation from each WT and mutant plant
line to represent the control RNA samples. Leaf tissues were then collected from at least
one plant from the WT and mutant plants at 12, 24, 48, 72, and 120 hours post-infestation
to represent the RNA samples from aphid-challenged plants (treatment). Leaf tissues
were kept frozen at -80ºC until tissue had been collected for all time points. RNA was
extracted from each sample with Trizol reagent according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA). Total RNA samples were assessed for quality
and quantity by standard gel electrophoresis and Nanodrop spectrophotometric
measurements at 260/280 nm. Synthesis of cDNA from total RNA samples was
conducted with the iScript cDNA synthesis kit using random primers according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA).
Primers specific to the 3’ end of the rd19a coding region suitable for quantitative
real-time PCR (qPCR) were designed using Primer-BLAST. The qPCR assays were
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performed with SYBR green mix in the MyIQ fluorescent detection system according to
the manufacturer’s instructions (Bio-Rad, Hercules, CA). Expression of a chitinase gene
(chitinV) was also examined as a positive control representing a well-characterized
insect-defense-related gene. Transcript level from a constitutively expressed actin gene
(ACT7) was used to normalize the RD19a and chitinV expression using specific primers
(Appendix C). Each qPCR reaction was technically replicated three times. Relative
expression was calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001). Each
relative expression value was derived from the average of independent technical
replicates.

Plant phenotypic analysis
Two plants from each mutant line as well as the wild type (WT) in a growth
chamber dedicated for aphid experiments were infested with three adult aphids per plant
(at time point 0 h). Healthy uninfested plants were kept in a separate growth chamber as
controls. Plants were checked daily for leaf curling, tissue necrosis/senescence and other
signs of aphid-induced damage for 6 weeks. Additionally, the number of aphids per plant
was counted daily for 3 weeks to determine the rate of aphid survival and reproduction in
each host Arabidopsis line.

Electrolyte leakage analysis
Electrolyte leakage (EL) analysis is a powerful measure to assess the extent of
tissue injury or cell death in response to a stress treatment. The test relies on the ratio of
cellular electrolytes that leaked as a result of injury to the cell membrane or subsequent
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cell death to the total cellular electrolytes. The physiological significance of such data is
evaluated by comparing the % EL induced by stress between control and treatment plants
and between WT and mutants. At one week post-infestation, leaves from each plant were
collected and rinsed in deionized water. The leaves were then suspended in 15 mL of
deionized (18 megaOhms) water in individual 15 mL sterile conical tubes and gently
shaken for 1 h at room temperature. The electrical conductivity of the water for each
sample was determined using an electrical conductivity meter. Three readings were taken
for each sample to represent the aphid-induced EL. Tubes were then placed in a boiling
water bath for 1 h to allow total leakage of cellular electrolytes. The electrical
conductivity was determined again in triplicate following the boiling to determine the
total electrolyte content of the leaves. To determine the percent electrolyte leakage (%
EL), each initial conductivity value was divided by each conductivity value post-boiling
in all possible combinations for a total of nine ratios per plant. These nine values were
averaged to get a single percent electrolyte leakage value per plant. These values were
then averaged by plant line to get one value per line. Statistical analyses (t-tests) were
performed using the Statistix-8 package.

Results and Discussion
Confirmation of T-DNA insertion mutant lines
Figure 8 shows the results of the genomic PCR analysis as well as a model for TDNA insertion into the RD19a gene and the approximate location of the T-DNA within
the mutated rd19a gene in the mutant lines. Plants from lines S1, S3, and S6 were
homozygous for the insertion mutation based on the presence of a single band
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representing the band amplified by the BP primer (T-DNA tag-specific) in combination
with either the LP or RP. Homozygosity was based on the absence of amplicon specific
to the LP+RP combination. The presence of a second band amplified by LP+RP
combination would otherwise indicate that one of the homologous chromosomes did not
contain T-DNA, and would hence be hemizygous for the T-DNA insertion. Plants from
lines S2 and S4 showed only the expected band amplified only by LP+RP but not in
combination with BP; therefore they did not contain any T-DNA insertion within the
RD19a gene. Analysis of the sequences of the amplicons indicated that line S1 had the
insertion within the first intron of rd19a. In line S3, the insertion is near the start of the
first exon. The insertion is theoretically present in the first exon of rd19a in line S6.
Plants from lines S1, S3 and S6 were used for further molecular, physiological and
phenotypic analyses.
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Figure 8. Identification of T-DNA insertion positive (mutant) lines. (A) Model of TDNA insertion locus. T-DNA is shown inserted into RD19a with approximate primer
binding sites labeled (LP= RD19a left flanking sequence primer; RP= RD19a right
flanking sequence primer; BP= T-DNA-specific primer). Patterns for the absence of
insertion within RD19a are shown by the WT negative controls. The expected results for
the BP+RP primers for non-mutants (a), heterozygous mutants (b), and homozygous
mutants (c) are shown in the gel image. (B) Line S1. All plants in this line contained the
T-DNA insertion. T-DNA should be present in the first intron as shown in the diagram to
the right. (C) Line S2. Mutant line S2 did not show T-DNA insertion in any plant. (D)
Line S3. Two plants in this line contained the insertion. T-DNA should be present in the
first exon as shown in the diagram to the right. (E) Line S4. None of the plants in line S4
showed the insertion. Lines S2 and S4 were not used in further analysis.
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Effects of T-DNA insertion on aphid-regulated expression of RD19a
The relative expression values from the qPCR assays showed that RD19a is
upregulated in the WT plants at 12 and 24 h post-infestation with aphids, demonstrating
that the gene is inducible by insect herbivory (Figure 9). The early induction pattern is
consistent with the induction pattern of the homologous RD19a gene from S.
bulbocastanum, although expression in S. bulbocastanum was more sustained, remaining
at high levels for about 72 hours (Mukherjee, unpublished). The gene is then
downregulated at 48 h, 72 h, and 120 h in WT Arabidopsis. The rapid upregulation and
transient expression of RD19a indicate that it is only a part of the early and basal
response to pests. Therefore, RD19A is likely an upstream regulator of basal defense or
resistance pathways. Arabidopsis is susceptible to aphids and the pattern of RD19a
induction indicates that although it is induced in response to aphids, it is probably
contributing only to a basal defense mechanism in Arabidopsis. The more sustained
induction in S. bulbocastanum is indicative of a more robust allele in that species,
consistent with its more significant contribution to the overall defense mechanism.
T-DNA insertions have a clear and significant effect on RD19a expression. Line
S1 showed downregulation of rd19a in response to aphid feeding at all time points, hence
insertion in this line resulted in a knockout (complete loss) of gene expression. The TDNA insertion in this line was located within the 5’ end of the first intron close to the
first exon. The complete loss of rd19a inducibility in this line implies that the insertion
within the first intron led to premature termination of transcription. The primers used to
monitor transcript levels by qPCR were designed to amplify the 3’ end of the mRNA.
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The lack of detectable transcripts in line S1 is consistent with a premature termination of
transcription as a result of T-DNA insertion.
Line S3 showed a delayed and more transient expression pattern of rd19a
compared to the WT. Instead of being induced at 12 and 24 h, the gene was only
expressed at a level above the basal expression in the control after 48 h of aphid
infestation, dropping at 72 h and slightly increased again at 120 h. This pattern indicates
that the effect of T-DNA insertion was more severe in line S1 than in line S3, with the
latter representing a knockdown mutation. The location of the T-DNA tag within the 5’
end of rd19a in line S3, close to the transcription start site (TSS) implies that the TSS
was probably displaced causing transcription initiation to be impaired at least partially.
However, given the induction that took place after 48 h, it appears that displacement of
the original TSS was probably compensated by an alternative TSS or a new TSS created
by the T-DNA insertion, which is less efficient than the original TSS, hence the
knockdown effect.
Line S6 was anomalous in that the baseline expression of RD19a was 1000-fold
higher than in the other lines (results not shown). Because of this, line S6 was saved for
further analysis, and experimental results for this line after PCR confirmation are not
shown. The possibility that the T-DNA insertion in this line led to an activation tagging
effect is being investigated by other students in the De los Reyes Lab. If proven to be an
activation tagging effect (gain of function mutant), this line will be used to examine the
effect of enhanced activation of RD19a and aphid resistance following the reverse logic
and paradigm used on the knockout/knockdown analysis.
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Given the early induction of RD19a in the WT, we hypothesized that RD19a
expression is probably important in the initial signaling required for the expression of
other defense-related genes. Therefore, it would be possible to see the consequences of its
impairment to the expression of other donwnstream genes in the network. To determine
the other possible ‘negative domino effects’ created by the downregulation of rd19a in
the mutants, the expression of a known defense-related chitinase gene (chitinV) was also
examined in the WT and mutants S1 and S3 (Figure 10). Chitinase belongs to a class of
defense-related genes called pathogenesis-related (PR) proteins. It is an enzyme that
breaks down chitin, a component of insect exoskeletons and some fungal cell walls. It is
known to be upregulated by stress hormones and biotic and abiotic stresses including
fungal pathogens, herbivores and cold stress (Ohnuma et al., 2011).
As predicted, chitinase (chitinV) expression was upregulated in response to aphid
infestation, showing upregulation at 24 and 48 h in the WT. The temporal induction
pattern relative to the induction pattern of RD19a (initiated at 12 h) implied that chitinV
is probably downstream of RD19a, thus it was possible to examine whether knockout or
knockdown plants for rd19a would have some ramifications on the expression of chitinV.
The results of the qPCR analysis showed that expression of chitinase was also shown to
be altered, if not impaired, in rd19a mutants, with expression delayed to 72 h in line S1,
and more transient expression at 24 h in line S3. This result suggests that impaired
expression of RD19a, which is a component of the early events necessary for basal
defense mechanisms, has other negative domino effects and perhaps severely
compromised other downstream defense-related genes. This observation strengthens the
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hypothesis that RD19a is an important participant in the early response of the plant to
herbivory, and likely plays a key role in regulating defense responses.

Figure 9. Analysis of RD19A expression in response to aphid infestation.
Transcript abundance was normalized against actin expression for each time point.
RD19a was upregulated in the wild type (WT) within the initial 24 hours post-infestation.
Impaired expression of rd19a was observed in the mutants. Line S1, with the insertion in
the first intron, had a significantly dampened response with no upregulation after aphid
feeding. T-DNA insertion in this line resulted in a knock-out effect. Line S3, with the
insertion in the first exon, showed a delayed response with upregulation not occurring
until after 48 hours (n= 3). All time points are significantly different from 0 hour
(P<0.05). Expression values in the mutants were statistically different from the WT
(P<0.05).
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Figure 10. Chitinase (chitinV) expression post-aphid infestation in wild-type
(WT) and mutant lines. Chitinase, a known component of the insect defense
mechanism, is upregulated in the WT plant after aphid feeding. Expression was altered in
the mutants, with line S1 showing delayed upregulation compared to the WT and line S3
showing lower expression. Altered expression of chitinV in the S1 and S3 mutant lines
suggests that RD19a is probably important in the early events leading to the expression of
defense-related genes. All time points are significantly different from 0 hour (P<0.05).
Expression values in the mutants were statistically different from the WT (P<0.05).
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Phenotypic effects of the T-DNA-mediated downregulation of rd19A
Leaf curling was seen in all plants in all lines starting at 24 h. Plant damage was
shown to be slightly more severe in line S1 than in the WT or line S3, with slight
symptoms of tissue necrosis starting to be visible during the first week, sooner than in the
other lines (Figure 11). This is consistent with the complete lack of rd19a expression
seen in the qPCR assay in line S1. The basal resistance detected in line S3 as compared to
line S1 is consistent with the transient expression of rd19a in this line. Both mutant lines
show increased tissue necrosis compared to the WT. Although the difference in tissue
damage between plant lines was not as dramatic as expected, a more quantitative
demonstration of the mutant phenotype is seen in the aphid counts (Figure 12). Although
the number of aphids per plant is fairly similar for the first ~10 days, there are several
hundred more aphids on the mutant plants than on the WT plants after three weeks.
Consistent with gene expression data and visible tissue damage, line S1 exhibited the
highest aphid counts at the end of the experiment, indicating that this line has the lowest
level of resistance, compromised by the impaired expression of RD19a and other
defense-related genes such as chitinV.
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Figure 11. Visible symptoms of plant injury due to aphid infestation. Line S1 shows
slight necrotic symptoms beginning in the first week while line S3 and WT did not show
similar effects until later. Necrosis was more severe for both mutant lines at the end of
the sixth week. Leaf curling was evident in all lines starting at 24 h post-infestation.

Figure 12. Aphid survival and reproduction on plant hosts based on an unreplicated
test. The number of aphids on each plant was counted every day for three weeks. At the
end of three weeks, the number of aphids on the mutant plants was higher than the
number of aphids on the wild-type (WT) plants. The relatively high number of aphids on
the WT indicates that Arabidopsis is susceptible to aphids even with a functional copy of
RD19a and susceptibility is further enhanced in the mutants. This experiment is currently
being replicated to determine statistical significance.
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Physiological manifestation of rd19a mutation detected by electrolyte leakage
An electrolyte leakage (EL) test was performed on the WT and mutant plants to
further establish quantitative physiological evidence that the impaired rd19a expression
had compromised the plants’ ability to execute basal defense mechanisms, resulting in
enhanced susceptibility. EL was determined as a measure of cellular and physiological
injury on plant tissues. The level of leaked electrolytes due to insect herbivory was
determined by measuring the electrical conductivity of the water in which leaves were
suspended before boiling, while the electrical conductivity of the water after boiling
represented the total electrolyte content of the leaves. Dividing the first value by the
second (and multiplying by 100) yielded a percent electrolyte leakage (% EL) value for
each plant.
Results for the EL experiment are presented in Figure 13. The % EL for all three
lines exposed to aphids was higher than the uninoculated WT plants. All of these values
were statistically significant with respect to this baseline level in the WT. High % EL in
line S1 also was statistically significant with respect to the inoculated WT, while the
values for S3 were not. These results were consistent with both the expression data and
prior phenotypic analyses for these lines (Figures 11 and 12) and further reiterated the
biological significance of the effect of T-DNA insertion on the expression of RD19a.
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Figure 13. Electrolyte leakage analysis. Percent electrolyte leakage (% EL) indicates
the magnitude of cellular injury or death based on the proportion of cellular electrolytes
that leaked as a consequence of structural damage or physiological perturbation.
a= statistically significant increase relative to WT (minus), P<0.05; b= statistically
significant increase relative to WT (aphid), P<0.05.

Conclusions
The expression data in Arabidopsis showed that RD19a is in fact inducible by
aphid feeding, as predicted based on the inducibility of the gene by other stress factors
such as drought and high salinity. The effects of T-DNA mutations were complete
downregulation of rd19a in line S1, and delayed induction of the gene in line S3. The
phenotypic results of this altered expression were seen as increased tissue necrosis,
electrolyte leakage, and aphid reproduction in both mutant lines, especially line S1. In the
WT Arabidopsis, RD19a was also seen to be highly aphid-inducible.
The inexplicably high expression of rd19a in line S6 indicates some genetic
anomaly which is an area for investigation in further studies (possible activation tagging
effect). Other future directions include exposure of WT and mutant lines to fungal and

50

bacterial pathogens to determine whether RD19a is inducible by a broad spectrum of
biotic stress factors, and more complete biochemical characterization of RD19a and its
various mutant forms, as well as other superior homologous alleles, such as the one in S.
bulbocastanum. Another possible future experiment is to overexpress the S.
bulbocastanum RD19a homolog in Arabidopsis and S. tuberosum to analyze the effects
of this gene on aphid resistance at the transcriptome, biochemical, physiological and
whole-plant levels.
Based on the current results, the Columbia ecotype of Arabidopsis that was used
in this study was highly susceptible to aphids. It was also clear based on our current
results that the RD19a allele in Columbia was induced by aphids but in a more transient
manner than the expression of the superior allele in S. bulbocastanum based on earlier
studies conducted in the De los Reyes Lab (Mukherjee, unpublished). The greater level of
aphid reproduction on the mutants suggests that inhibition of RD19a as an early
component of basal defense probably contributed to more severe injuries seen in these
plants. Thus, our current results established the important role of RD19a in basal defense
mechanism in a susceptible plant like Arabidopsis. Furthermore, our results also can be
extrapolated to explain the biological significance of the earlier results obtained from S.
bulbocastanum. Based on all trends combined, it can be postulated that perhaps a more
robust allele of RD19a has a much more significant contribution beyond basal defenses,
directly contributing to the overall resistance mechanism in a resistant plant like S.
bulbocastanum.
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Overall Summary of Key Findings
RD19a is conserved among plants, invertebrates and vertebrates. It is highly
conserved among plants, which show only minimal variation. In Arabidopsis, inhibition
of RD19a expression early during plant-aphid interaction leads to physiological
perturbation, which appeared to compromise the early signaling events important for the
execution of effective basal defenses. Based on sequence divergence outside of the
conserved I29 inhibitor and C1A protease domains between homologous plant and
animal RD19a proteins, it is likely that the biological function of this protein may have
already specialized in plants and animals, but is still defined by common biochemical
activity as a protease.
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Predicted biochemical properties and organelle targeting signals of homologous RD19A proteins. Isoelectric point (pI),
molecular weight (MW), number of transmembrane domains (TMD), mitochondrial targeting probability (MTP), presence of
signal cleavage sites, and myristoylation (Myristoyl), prenylation (Prenyl), or glycosyphosphatidylinositol (GPI) anchor sites
are listed for potential RD19A homologs identified using protein and nucleotide BLAST. These results indicate that the
proteins are secreted, due to the lack of transmembrane domains or fatty acid modification sites, low probability of
mitochondrial or chloroplast targeting, and presence of N-terminal signatures of endoplasmic reticulum-targeted proteins.
species
pI
MW
TMD
MTP
SignalP
Myristoyl
Prenyl
GPI
A thaliana
6.7500
40418.62
0
2.24%
22-23
no
no
no
A lyrata
7.5100
40313.61
0
0.34%
22-23
no
no
no
T halophila
7.0500
40627.93
1
0.32%
22-23
no
no
no
brassica oleracea
7.0600
40214.48
0
1.00%
20-21
no
no
no
sweet potato
5.5800
40110.33
0
14.66%
22-23
no
no
no
wine grape
5.0200
40284.28
0
17.58%
23-24
no
no
no
corn
5.9100
40347.23
0
7.59%
23-24
no
no
no
rice
6.0100
40591.57
0
0.62%
19-20
no
no
no
barley
5.8000
41016.09
0
2.47%
24-25
no
no
no
purple false brome 5.8500
40927.89
1
2.40%
22-23
no
no
no
eggplant
6.3400
40319.56
0
6.26%
20-21
no
no
no
chili pepper
6.5200
40558.71
0
19.75%
21-22
no
no
no
common bean
6.3900
39698.81
0
15.49%
21-22
no
no
no
white lentil
5.7800
39493.40
0
10.72%
20-21
no
no
no
soybean
6.8200
40241.66
1
8.22%
21-22
no
no
no
chickpea
6.3700
40075.11
0
11.84%
18-19
no
no
no
barrel medic
6.5500
39939.08
0
39.60%
18-19
no
no
no
peanut
5.7300
39890.89
0
19.71%
21-22
no
no
no
Trypanosoma cruzi 5.4700
46830.80
4
34.96%
26-27
no
no
no
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species
Anopheles
mosquito
Southern mosquito
fruit fly
red flour beetle
pea aphid
body louse
Caenorhabditis
remanei
C elegans
Schistosoma
mansoni
zebrafish
Atlantic salmon
cichlid fish
Western clawed
frog
opossum
tasmanian devil
panda
dog
cattle
boar
elephant
horse
rabbit
galago

pI

MW

TMD

MTP

SignalP

Myristoyl

Prenyl

GPI

5.1200
5.7400
6.5700
7.1900
8.4900
9.1300

39352.38
164447.80
68334.13
195457.49
65189.39
49780.72

0
0
0
0
0
0

8.66%
2.78%
4.60%
81.89%
7.37%
46.91%

24-25
-24-25
-21-22
21-22

no
no
no
no
no
no

no
no
no
no
no
no

no
no
no
no
no
no

7.5100
8.6200

54938.63
55216.25

0
0

6.00%
15.20%

20-21
20-21

no
no

no
no

no
no

5.6600
6.1300
5.4300
5.6700

47578.91
52724.30
53255.54
53369.72

0
0
0
0

3.71%
21.48%
0.40%
40.47%

16-17
21-22
23-24
25-26

no
no
no
no

no
no
no
no

no
no
no
no

5.3600
6.7300
6.6300
5.7100
8.6300
8.6500
8.6200
8.3100
8.5900
9.2200
7.4700

52137.33
62078.31
49707.92
44032.92
54136.07
50893.08
54061.81
52154.71
51039.32
51257.65
54179.91

0
0
0
0
0
0
0
0
0
0
0

30.41%
22.88%
13.77%
0.81%
24.63%
9.07%
14.51%
5.67%
85.34%
12.21%
7.29%

20-21
---19-20
22-23
19-20
19-20
-22-23
19-20

no
no
no
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
no

no
no
no
no
no
no
no
no
no
no
no
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species

pI

MW

TMD

MTP

SignalP

Myristoyl

Prenyl

GPI
no

orangutan
common
chimpanzee
human
gibbon
marmoset
Bonobo
chimpanzee
Guinea pig
mouse
rat
Chinese hamster
starlet sea
anemone
acorn worm
purple sea urchin
wasp
bumblebee
dwarf honeybee
European
honeybee
leafcutter bee
Trichinella spiralis

6.6300
8.4900

53979.88
53943.65

0
3

9.81%
10.75%

19-20
19-20

no
no

no
no

no

8.5200
7.0200
8.3800

53365.91
53104.64
53688.28

0
0
0

8.93%
18.48%
9.63%

19-20
19-20
19-20

no
no
no

no
no
no

no
no
no

6.9400
8.6200
6.1500
5.8500
6.9400

42160.71
51401.23
51660.90
51829.20
51641.21

0
0
0
0
0

37.06%
14.10%
9.34%
8.53%
7.38%

-19-20
19-20
19-20
19-20

no
no
no
no
no

no
no
no
no
no

no
no
no
no
no

6.7300
5.7000
6.0100
5.2900
5.4900
6.1500

30227.54
100175.09
50933.25
116537.73
100421.91
100351.16

0
0
0
0
0
0

29.57%
21.60%
1.05%
36.31%
90.71%
41.14%

-20-21
18-19
22-23
24-25
24-25

no
no
no
no
no
no

no
no
yes
no
no
no

no
no
no
no
no
no

5.7900
5.7000
6.0100

100380.29
100175.09
50933.25

0
0
0

6.89%
34.42%
58.09%

24-25
24-25
19-20

no
no
no

no
no
no

no
no
no

Appendix B: PCR primer sequences and annealing temperatures for the validation of T-DNA insertion in putative
RD19a mutant lines.
Plant line

S1
S2
S3
S4
S6

LP primer

CTGAAGAAGAAATGGGGTTCC
ATACACGAAACCCAACAGCTG
GCACTCTGTCGTTTAAGCAGC
AAAAAGGCTCATTTTAACGGC
GGTGGTTTTGTTTTCTTTCCC

RP primer

GTTTATTCCCTCCACTGCTCC
GAAAGCAGTTGCTCATCAACC
TTGAATACACCCTCAAAACCG
TTGAATACACCCTCAAAACCG
CTGACGGATCACGAGATCATC

Product
size (bp)
1074
1187
1164
1028
1010

Annealing
temperature
(ºC)
49.2
50.7
48.0
48.0
53.7
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Appendix C: PCR primer sequences and annealing temperatures for qPCR assays.
Gene name

rd19a
chitinV
ACT7

Forward primer

Reverse primer

Annealing
temperature
(ºC)
AACCACCGCCCATTAAGCAT
GAGAGTCAGCAGCGCAAAGA
60
CAAACTGTCGTAAAAGCTTCGTACTGG AACCTTCTGTATAGTTCTGGTGGTTGC 60
CGCTGCTTCTCGAATCTTCT
CCATTCCAGTTCCATTGTCA
60
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