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Near-isogenic lines of Triticum aestivum with distinct modes of
resistance exhibit dissimilar transcriptional regulation during

Diuraphis noxia feeding

Anna-Maria Botha'*, Leon van Eck'?, N. Francois V. Burger' and Zacharias H. Swanevelder?

ABSTRACT

Russian wheat aphid (Diuraphis noxia, Kurdjumov) feeding on
susceptible Triticum aestivum L. leads to leaf rolling, chlorosis and
plant death — symptoms not present in resistant lines. Although the
effects of several D. noxia (Dn) resistance genes are known, none
have been isolated or characterized. Wheat varieties expressing
different Dn genes exhibit distinct modes of D. noxia resistance, such
as antibiosis (Dn1), tolerance (Dn2), and antixenosis (Dn5). However,
the mechanism whereby feeding aphids are perceived, and how
subsequent transcriptional responses are partitioned into resistance
categories, remains unclear. Here we report on downstream events in
near-isogenic wheat lines containing different Dn genes after D. noxia
biotype SA1 feeding. Transcripts involved in stress, signal transduction,
photosynthesis, metabolism and gene regulation were differentially
regulated during D. noxia feeding. Expression analyses using RT-
gPCR and RNA hybridization, as well as enzyme activity profiling,
provide evidence that the timing and intensity of pathways induced are
critical in the development of particular modes of resistance. Pathways
involved include the generation of kinase signalling cascades that lead
to a sustained oxidative burst, and a hypersensitive response that is
active during antibiosis. Tolerance is a passive resistance mechanism
that acts through repair or de novo synthesis of photosystem proteins.
Results further suggest that ethylene-mediated pathways are possibly
involved in generating volatile compounds and cell wall fortification
during the antixenosic response.

KEY WORDS: Aphid feeding, cDNA-AFLP, Expression profiling,
Peroxidase, Glutathione-S-transferase, Lipoxygenase,
f-1,3-glucanase, Affymetrix

INTRODUCTION

Aphids are the largest group of phloem-feeding insects and their
enormous reproductive potential makes them some of the most
devastating pests to crop production (Davis, 2012). Aphids have
evolved a more intimate association with their plant hosts than
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herbivorous insects, eliciting the expression of plant genes
commonly associated with bacterial and fungal pathogen attack
(Moran and Thompson, 2001; Botha et al., 2010; Smith et al.,
2010). The interaction between wheat (Triticum aestivum L.) and
Diuraphis noxia (Kurdjumov), commonly known as the Russian
wheat aphid, has been of major interest to researchers in this field,
particularly the identity and function of D. noxia effectors and
wheat resistance genes.

During compatible interactions with susceptible wheat
cultivars, Diuraphis noxia feeding interferes with the
osmoregulation of leaf turgor pressure during cell elongation
(Burd and Burton, 1992), preventing the proper unfolding of new
leaves (Fig. 1). Additionally, feeding causes chlorosis and
longitudinal streaking, reducing leaf chlorophyll content
(Fig. 1) (Heng-Moss et al., 2003; Botha et al., 2005; Botha
et al., 2006). The result is decreased photosynthetic potential and
the eventual collapse of the plant (Burd and Burton, 1992). This
has historically been ascribed to a phytotoxin injected during
feeding, presumed responsible for chloroplast disintegration
(Fouché et al., 1984), but such a phytotoxic effector has never
been isolated or characterized. Current hypotheses suggest that
D. noxia feeding induces malfunctioning of the photosynthetic
apparatus at the stacked region of the thylakoid membrane,
although the exact site of interference has not been determined
either (Burd and Elliott, 1996; Heng-Moss et al., 2003). However,
D. noxia feeding does not induce total breakdown of the
chloroplast, (Haile et al., 1999; van der Westhuizen et al.,
1998a) and feeding-induced chlorosis differs from normal
chlorophyll degradation that occurs during leaf senescence (Ni
et al., 2001; Wang et al., 2004a).

An arsenal of eleven wheat Dn genes (Dnl-Dn9, Dnx and Dny)
has been described that confer resistance against D. noxia. These
are hypothesized to function much like classic pathogen
resistance genes, by encoding proteins that recognize aphid-
specific effectors in a gene-for-gene manner and then initiate
signalling cascades resulting in a defence response (Flor, 1971;
Lacock et al., 2003; Botha et al., 2005; Lapitan et al., 2007).
However, none of the Dn genes have been cloned, and results
from mapping efforts are often contradictory or inconclusive (Ma
et al., 1998; Myburg et al., 1998; Liu et al., 2001; Heyns et al.,
2006). Dnl, Dn2 and Dn5 are located on chromosome 7D, but
whether they are allelic at the same locus or independent, but
tightly linked, is unclear (Liu et al., 2001; Heyns et al., 2006).
Some heterogeneity in the original PI 294994 accession from
which Dn5 was acquired, may explain why conflicting results
were obtained by different research groups (Marais and Du Toit,
1993; Zhang et al., 1998). The genetic background in which a
specific Dn gene is bred may also play a role in the successful
establishment of a resistant phenotype, impeding their
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Fig. 1. Symptoms of D. noxia infestation on susceptible wheat,
indicating leaf rolling (arrow) (left), purplish streaking and
chlorosis (right).

characterization (van der Westhuizen et al., 1998a; van der
Westhuizen et al., 1998b). For example, although the presence of
the Dnl gene does not make the cultivar Betta-Dn/ less inclined
to aphid-induced chlorophyll loss compared to its susceptible
near-isogenic line (NIL) Betta (Heng-Moss et al., 2003), the
presence of Dnl in the cultivar Tugela-Dnl does prevent
chlorophyll levels from decreasing to levels observed in its
susceptible NIL, Tugela (Botha et al., 2006).

The resistance mediated by various Dn genes can be
phenotypically categorized as antibiosis, antixenosis, and
tolerance (Painter, 1951; Painter, 1958). A resistant cultivar
may exhibit a combination of these categories of resistance (Haile
et al., 1999; Smith et al., 1992), such as those bred to contain
Dn5, which affords a combination of antibiosis and antixenosis
(Wang et al., 2004b). Antibiosis is observed when the plant
reduces the reproductive fitness of aphids feeding on it and
several studies indicate that Dn/ affords antibiosis (Du Toit,
1989; Smith et al., 1992; Unger and Quisenberry, 1997; Budak
et al., 1999; Wang et al., 2004b). Tolerance is seen as a lack of
plant height reduction despite feeding, and is the primary
resistance category described for Dn2 (Du Toit, 1989; Budak
et al., 1999; Wang et al., 2004b). Antixenosis is the non-
preference of a cultivar as host, and in addition to moderate
antibiosis, the Dn5 gene affords the antixenotic phenotype (Du
Toit, 1989; Smith et al., 1992; Marais and Du Toit, 1993; Wang
et al., 2004b).

Although the effects of these Dn genes on aphid reproduction
have been well-characterized, aphid-induced transcriptional
reprogramming within wheat lines expressing these resistance
genes is still poorly understood. In order to shed light on the
specific genetic pathways underlying each phenotypic category of
resistance we investigated differential wheat gene expression
associated with the generation of antibiotic, antixenotic, or
tolerance resistance responses to D. noxia feeding in Tugela NILs
containing different Dn genes.

RESULTS

cDNA-AFLP transcript profiling

Following the cDNA-AFLP analysis approach, we were able to
excise forty-nine differentially regulated TDFs (supplementary
material Table S1). After the sequences were obtained, putative
identities were assigned to the clones using BLASTx or BLASTn.
Based on the putative functions of the proteins inferred by
similarity, the TDFs were classified into five broad functional

categories (supplementary material Fig. S1). Of the total number of
sequenced TDFs, 14% were involved in general gene regulation
and metabolism, 25% in stress and signal transduction and 12% in
photosynthesis. The remainder of TDFs either exhibited similarity
to hypothetical proteins or proteins of unknown function, or were
classified as TDFs with no significant similarity to proteins in the
non-redundant database. Novel sequences were entered into the
GenBank EST database. TDFs categorized as regulatory transcripts
included a lingual lipase-like gene, TPA cysteine protease, a
putative transfactor, a methyl CpG-binding protein, ethylene-
responsive RNA helicase, C4-type zinc finger protein, ubiquitin
and ubiquitin-protein ligase I (supplementary material Table S1).
The stress and signal transduction category included such diverse
transcripts as a mitochondrial half-ABC transporter, a mechano-
sensitive ion channel protein, kinases (i.e. GHMP kinase and
serine/threonine protein kinase), inorganic pyrophosphatase, a
stress related-like protein interactor, isomerases (i.e. PDI-1 protein
disulfide isomerase 1 and IDI2 isopentenyl-diphosphate delta
isomerase 2), a 66 kDa stress protein and KCO1 outward-
rectifying potassium channel. Several TDFs grouped together
functionally as components of photosynthesis. This category
clearly indicated the importance of the Rubisco small subunit
during the wheat response to D. noxia (van der Westhuizen and
Botha, 1993), with three of the TDFs obtained showing such
similarity. Other transcripts included a TMP 14 kDa thylakoid
membrane phosphoprotein, fructose-1,6-bisphosphatase  and
aconitate hydratase.

The results from select candidates obtained using the AFLP
transcriptional profiling were verified using RT-qPCR and slot-
blot RNA hybridization (supplementary material Fig. S2). In all
three cases, band intensities indicated similar trends to those
obtained with RT-qPCR.

GeneChip Wheat Genome Array transcript profiling

From the Affymetrix arrays, most of the transcriptional changes
observed during D. noxia infestation of wheat were involved in
the suppression rather than the induction of genes, with a total of
5649 genes that were down-regulated, while 5468 genes were up-
regulated (supplementary material Fig. S3A,B). Of these, a total
of 4306 genes were shared by all the genotypes. The obtained
genes were assigned to broad functional categories and their
involvement in metabolism (supplementary material Tables S2,
S3). Most of the genes that were differentially regulated
irrespective of genotype, belonged to the undescribed or
unknown categories.

Of the genes that could be assigned to a functional group or
metabolism, most of the genes belong to the carbohydrate
metabolism category, and are thus involved in carbon flux. Other
observable differences include a higher number of genes involved
in energy metabolism. Genes belonging to carbohydrate
metabolism and cell wall synthesis that were well represented
include several copies of probe sets with high similarity to glucan
1,3-beta-glucosidase, L-allo-threonine aldolase, Phosphoglycerate
dehydrogenase, pyruvate kinase, phosphoglycerate dehydrogenase,
cellulose synthase, phosphatephosphoenolpyruvate, hexokinase,
trehalose-6-phosphate synthase, GDP-mannose pyrophosphorylase,
sugar transporters, extracellular invertase.

Well-represented genes involved in photosynthesis, starch
synthesis or that are chloroplast-related included probe sets with
high similarity to photosystem II type I chlorophyll a b binding
protein, thioredoxin fl1, chlorophyll synthetase, fructose 1,6-
bisphosphatase, chloroplast 50S ribosomal protein, ATP-dependent
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Clp protease proteolytic subunit, non-green plastid inner envelope,
ferredoxin—thioredoxin reductase and photolyase blue-light receptor.

Defence and stress-related genes included several copies of
probe sets with high similarity to viral resistance protein, Pto kinase
interactor, thaumatin, phloem-specific lectin, 12-oxophytodienoate
reductase, heat shock factor protein hsfp, salt-tolerance protein,
biostress-resistance-related protein, metalloprotease, selenium-
binding protein, SAR DNA-binding protein-1 and controlled
tumour protein-like protein.

Genes involved in lipid and fatty acid metabolism were also
well represented and included several copies of lipid-transfer
proteins, glyoxalase 1, glycerophosphodiester phosphodiesterase,
(acyl-carrier-protein) S-malonyltransferase, lipophosphoglycan
biosynthetic protein, phosphocholine cytidylyltransferase, 3-
hydroxybutyryl-CoA dehydrogenase and protein phosphatase
type 2C proteins.

Signal transduction-genes were well represented in the study and
include several copies of serine/threonine-specific protein kinases,
postsynaptic protein CRIPT, ras-related small GTP-binding protein
RABIc and Rabl1, RAN2 small Ras-like GTP-binding nuclear
protein, GTP-binding proteins, GTP cyclohydrolases, protein
kinases, AMP-binding proteins, and ABC transporter-like proteins.

Genes involved in proton pumps and Ca”" transport included
several copies of potassium transporters, calmodulin 6 and Myo-
inositol 1-phosphate synthase-like proteins, as well as endomembrane
and integral membrane proteins, a phosphoinositide-specific
phospholipase, phosphatidylinositol-4-phosphate 5-kinases, importin
beta, and calcium-binding proteins.

Genotype specific signatures
When comparing the expression of genes between genotypes, it
was apparent that genotype specific differential expression
patterns could be discerned (supplementary material Table S3).
In the susceptible Tugela and the tolerant Tugela-Dn2, genes
related to stress, proton pumps and Ca”' transport, protein
biosynthesis and modification, cell cycle regulation, and cellular
respiration were differentially regulated. Genes significantly up-
regulated in the susceptible Tugela but not in Tugela-Dn2,
included senescence associated genes (i.e., a decay protein, an
auxin-responsive protein, senescence-specific cysteine protease
SAGI12, senescence-associated proteins), carboxylesterases
involved in ROS production, and a ras-related small GTP-
binding protein RABIc involved in cell signaling. While carbon
flux and photosynthesis related genes (i.e., ferredoxin—
thioredoxin reductase, fructose 1,6-bisphosphatase, chloroplast
50S ribosomal protein, ATP-dependent Clp protease proteolytic
subunit) were up-regulated only in the tolerant Tugela-Dn2.
Similar general trends in the regulation of genes belonging to
specific functional categories were observed in the antibiotic
(Tugela-Dnl) and antixenotic (Tugela-Dn5)  genotypes.
Transcripts involved in the metabolism of cofactors, vitamins,
secondary metabolites, transcription factors (e.g. MADS-box TFs
and T48034 bZIP transcription factor-like proteins), defence, as
well as ROS and signal transduction were differentially regulated
in both genotypes. However, the photosystem II type I
chlorophyll a b binding protein and thioredoxin fl were only
significantly up-regulated in the antibiotic Tugela-Dnl, while the
non-green plastid inner envelope, chlorophyll synthetase and
photolyase blue-light receptor were only up-regulated in the
antixenotic Tugela-Dn5. Interestingly, genes belonging to
secondary metabolism and ROS that were differentially
regulated only in the antixenotic Tugela-Dn5, included
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glutathione S-transferase (significantly up-regulated) and
manganese superoxide dismutase (SOD) (significantly down-
regulated); cellulose synthase involved in cell wall synthesis and
phosphocholine cytidylyltransferase in membrane synthesis
(significantly up-regulated); monooxygenase, -glucosidase and
O-methyltransferases involved in the production of VOCs
(significantly up-regulated); and a viral resistance protein and
Pto kinase interactor (significantly up-regulated).

Genes that were differentially regulated in the antibiotic
Tugela-Dnl and tolerant Tugela-Dn2, but not the antixenotic
Tugela-Dn5 included genes involved in ethylene biosynthesis
(i.e., l1-aminocyclopropane-1-carboxylate oxidase), SAR DNA-
binding protein-1 and a serine/threonine-specific protein kinases
involved in cell signaling.

Enzyme activities in response to D. noxia feeding

To elucidate the effect of D. noxia feeding on the NILs, levels of
ROS enzymes (peroxidase, LOX and GST) and a SAR marker
enzyme (B-1,3-glucanase) were measured in uninfested leaf tissue
(Figs 2-5). The activity of peroxidase and GST were significantly
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Fig. 2. Effect of D. noxia infestation on total peroxidase activity of
susceptible (Tugela) and resistant (Tugela-Dn1, Tugela-Dn2, Tugela-
Dn5) near isogenic wheat lines. The formation of tetraguaiacol was
monitored at 470 nm. Values are means = SD (n=3).
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Fig. 3. Effect of D. noxia infestation on total glutathione-S-transferase
(GST) activity of susceptible (Tugela) and resistant (Tugela-Dn1, Tugela-
Dn2, Tugela-Dn5) near isogenic wheat lines. The formation of GS-DNB
conjugate was monitored at 340 nm. Values are means = SD (n=3).

higher in the resistant NILs Tugela-Dnl and Tugela-Dn5 after
infestation with D. noxia when compared with susceptible Tugela
and the tolerant Tugela-Dn2 (Figs 2 and 3). Even though LOX
activity was higher in the resistant NILs when compared with the
susceptible Tugela, the activity did not differ significantly (P=0.05)
(Fig. 4). Glucanase activity increased in the resistant NILs when
compared to the susceptible Tugela after D. noxia feeding (Fig. 5).

Oxidative burst in response to D. noxia feeding

To corroborate the changes in the oxidative burst in the NILs in
response to D. noxia biotype SA1 feeding, leaves were collected
and stained for H,O, using 3,3’-diaminobenzidine (DAB), which
forms reddish-brown polymerized deposits in the presence of
peroxidase (Fig. 6). Dark staining was observed in Tugela-Dnl
and Tugela-Dn5 around the feeding sites (Fig. 6B and Fig. 5D),
but staining was only visible around the regions where the leaves
were cut in Tugela and Tugela-Dn2 (Fig. 6A,C). This indicates
that the generation of aphid-induced ROS was active only in the
NILs associated with antibiotic and antixenotic resistance
responses, but not the susceptible Tugela nor the tolerant
Tugela-Dn2.
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Fig. 4. Effect of D. noxia infestation on total lipoxygenase (LOX) activity
of susceptible (Tugela) and resistant (Tugela-Dn1, Tugela-Dn2, Tugela-
DnS5) near isogenic wheat lines. Values are means = SD (n=3).

DISCUSSION

Effective wheat host defence responses against D. noxia occur via
different modes of resistance: antibiosis, antixenosis, tolerance, or
a combination of these (Painter, 1951; Painter, 1958). These must
be mediated by specific genetic pathways, and signal
transduction, ethylene-mediated responses and systemic
resistance have been described as possible ways to counteract
the attack by D. noxia (Botha et al., 1998; Botha et al., 2005;
Botha et al., 2006; Botha et al., 2010; Boyko et al., 2006; Smith
and Boyko, 2007; Smith et al., 2005; Smith et al., 2010; Van Eck
et al., 2010; Marimuthu and Smith, 2012; Liu et al., 2011). In
order for the host to sustain growth and proliferate under attack
by phloem feeding insects, it must be able to recognize the
invasion and initiate a defensive response. For this, the host must
utilize an effective signaling cascade to initiate defensive
syndromes to ensure survival (van der Westhuizen et al.,
1998a; van der Westhuizen et al.,, 1998b; Botha et al., 1998;
Botha et al., 2005; Botha et al., 2006; Botha et al., 2010; Boyko
et al., 2006; Smith et al., 2005; Smith et al., 2010; Smith and
Boyko, 2007; Van Eck et al., 2010; Marimuthu and Smith, 2012).
Failure to do so is associated with elevated stress and early onset
of senescence and under severe infestations, even death, as
observed in the susceptible Tugela cultivar. Diuraphis noxia
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Fig. 5. Effect of D. noxia infestation on the total p-1,3-glucanase activity
of susceptible (Tugela) and resistant (Tugela-Dn1, Tugela-Dn2, Tugela-
Dn5) near isogenic wheat lines. Values are means *= SD (n=3).

feeding elicits salicylic acid (SA) and jasmonic acid/ethylene
(JA/Eth) signalling pathways during mobilization of defensive
strategies against aphids as shown by the induction of
transcripts associated with these plant hormones (Miller et al.,
1994; Botha et al., 1998; Moran and Thompson, 2001; Voelckel
et al., 2004; De Vos et al., 2005; Divol et al., 2005; Mewis
et al., 2005; Zhu-Salzman et al., 2005; Thompson and Goggin,
2006; Couldridge et al., 2007; Kusnierczyk et al., 2008; Gutsche
et al., 2009; Botha et al., 2010). Measurement of fB-1,3-
glucanase activity (a SAR associated enzyme) showed
significant differences in the activity of this enzyme between
the resistant NILs and the susceptible Tugela (van der
Westhuizen et al., 1998b), which ensured sustained long-term
systemic acquired resistance.

Antibiosis is likely due to an oxidative burst and subsequent
hypersensitive response

In resistant varieties, the early (within the first 5 hpi) up-
regulation of transcripts associated with an increase in cytosolic
Ca** (Czempinski et al., 1997; Bouché et al., 2005; Ma and
Berkowitz, 2007) have been shown to accompany D. noxia

1120

Tugela-Dn1 Tugela-Dn2 Tugela-Dn5

Tugela

Fig. 6. D. noxia feeding results in peroxide accumulation at aphid
feeding sites after staining leaves of infested near isogenic wheat lines
plants with 3,3'-diaminobenzidine (DAB) 132 hpi. Leaves are
representative of five independent biological replicates per treatment.

(A) Tugela; (B) Tugela-Dn1 (antibiotic); (C) Tugela-Dn2 (tolerant); (D) Tugela-
Dn5 (antixenotic). Tugela-Dn1 (B) and Tugela-Dn5 (D) show dark areas
around aphid feeding sites indicating the presence of peroxide. Tugela

(A) and Tugela-Dn2 (C) only show dark areas at cut ends of the leaves.

feeding (Botha et al., 2010). This process may initiate long-
distance calcium-activated protein kinase signalling cascades
(Kehr, 2006) transmitting primary recognition responses to
multiple downstream effectors, including activation of the
oxidative burst (elevated H,O,) (Foyer and Noctor, 2005; Foyer
and Noctor, 2009) to induce cell death or necrosis (van der
Westhuizen et al.,, 1998a; van der Westhuizen et al., 1998b;
Boyko et al., 2006; Botha et al., 2005; Botha et al., 2006; Botha
et al., 2010; Smith et al., 2005; Smith and Boyko, 2007) and the
hypersensitive response (HR) (Grant et al., 2000; Botha et al.,
2005; Botha et al., 2010; Smith et al., 2005; Smith et al., 2010)
during incompatible interactions. Signalling cascades are well
described in the plant pathology literature (Hammond-Kosack
and Jones, 1996; Dangl and Jones, 2001; Lam et al., 2001), and
these are especially prominent in the antibiotic and antixenotic
cultivars. Signalling cascades activate downstream proteins
through phosphorylation, propagating a recognition signal that
eventually leads to defence responses, most often in the form of a
HR. Indeed, D. noxia feeding on antibiotic cultivars, like those
containing Dnl, initiates an HR closely resembling that observed
during plant-pathogen interactions. HR is associated with the
production of reactive oxygen species (ROS), like hydrogen
peroxide (H,0,), and programmed cell death at the site of aphid
probing. This is analogous to events at the site of hyphal
penetration by pathogenic fungi or during bacterial ingress. ROS
also induce the accumulation of salicylic acid, which in turn
stimulates the expression of pathogenesis-related (PR) proteins
like chitinases (Botha et al., 1998), peroxidases (van der
Westhuizen et al., 1998b) and f-1,3-glucanases (van der
Westhuizen et al., 1998a; van der Westhuizen et al., 2002),
which accumulate in the apoplast of resistant plants within
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24 hours of infestation (Botha et al., 1998). The exact function of
these proteins in aphid defence remains unclear, but it has been
suggested that chitinases might generate oligosaccharide elicitors
from chitinous compounds released during aphid feeding (van der
Westhuizen et al., 1998b). To assess whether the activation of
HR-associated ROS differed between the NILs after D. noxia
feeding, the activity of ROS enzymes was measured and DAB
staining was performed to detect the presence of H,O, in infested
leaves. Staining with DAB revealed more oxidised deposits in the
leaf tissue of the antibiotic Tugela-Dnl and to a lesser extent in
the antixenotic Tugela-Dn5 (Fig. 6). In Tugela-Dn 1, thioredoxins
are highly up-regulated when compared to the other NILs, these
transcripts are known to be key in modulation of oxidative stress
response (Vieira Dos Santos and Rey, 2006). However, little
evidence of such a response is present in the susceptible Tugela
and tolerant Tugela-Dn2. Higher levels of peroxidase activity
were measured in the antibiotic Tugela-Dnl and antixenotic
Tugela-Dn5, but not in the other NILs in response to feeding by
D. noxia biotype SA1 (Fig. 2). Elevated levels of GST activity
were also measured in the antibiotic Tugela-Dn/ and antixenotic
Tugela-Dn5, but not in the other NILs after infestation by D.
noxia (Fig. 3). Interestingly, the enhanced LOX activity in the
resistant plants as previously reported (Fig. 4) (Berner, 2006;
Botha et al., 2010) was not observed in the present study. This
may be ascribed to the fact that the host plants under study
contained different resistant genes and were infested by different
D. noxia biotypes. The timely generation of an oxidative burst
and expression of ROS enzymes were prominent in Tugela-Dnl
and Tugela-Dn5 (van der Westhuizen et al., 1998a). Delayed
(Tugela) or reduced (Tugela-Dn2, tolerant line) induction seems
to be ineffective in initiating this kind of defensive strategy.

The production of volatile organic compounds as the basis of
antixenosis

Feeding by D. noxia characteristically leads to sealing off of
transport elements, thereby allowing the aphid direct access to sap
elements (Will and van Bel, 2006; Will et al., 2007). This process
promotes apoplasmic and symplasmic isolation from the
conducting elements, which may be the symptomatic causal
effect of leaf rolling and streaking in susceptible varieties
(Matsiliza and Botha, 2002; Saheed et al., 2007; Saheed et al.,
2009). Even though the dubious resistance background of the
antixenotic Dn5 gene (Heyns et al, 2006) impairs accurate
assessment of its effects during aphid feeding, differential
expression of genes in the Tugela-Dn5 NIL seem to link
antixenosis with the fortification of the cell wall elements.
Indeed, cell wall fortification and rapid deposition of callose in
sieve pores has been viewed as an efficient wound response that
seals off the pores in damaged phloem to prevent assimilate loss
(Sjolund, 1997). The up-regulation of cellulase synthase
(Richmond and Somerville, 2000) and CTP:phosphocholine
cytidylyltransferase (Kent, 1997; Jackowski and Fagone, 2005)
is thus not unexpected in the antixenotic Tugela-Dn5. However,
antixenosis is mostly associated with the production of volatile
organic compounds (VOCs). In the present study, the up-
regulation of transcripts such as B-glucosidase (Mattiacci et al.,
1995; Morant et al., 2008a; Morant et al., 2008b) and O-
methyltransferase (Lam et al., 2007), associated with the
production of VOCs were only differentially up-regulated in the
antixenotic Tugela-Dn5, when compared with the other NILs. In
Pieris brassicae, it was shown that B-glucosidases attractive to
parasitic wasps (Cotesia glomerata) are produced in response to

herbivory as defensive strategy (Mattiacci et al., 1995). O-
methyltransferases on the other hand, constitute a large family of
enzymes that methylate the oxygen atom of a variety of
secondary metabolites including phenylpropanoids, flavonoids
and alkaloids that result in VOC production (Lam et al., 2007).
Further support for VOC production in a Dn5 genetic
background, comes from a study by Ni and Quisenberry (Ni
and Quisenberry, 2000). In the latter, higher levels of cyclic
hydroxamic acids (e.g., 2,4-dihydroxy-1,4-benzoxazin-3-one
[DIBOA] and 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one
[DIMBOA]) were found in the Betta-Dn5 host plant, when
compared with Betta NILs containing other Dn resistance genes
(Ni and Quisenberry, 2000). Even though the authors could not
conclusively tie the high levels of DIMBOA to the observed D.
noxia resistance in the Betta-Dn5 tested, DIMBOA nonetheless
was shown in literature to contribute to plant resistance for both
insect and pathogen pests in Gramineae (Niemeyer, 1988; Frey
et al., 1997). DIMBOA has been reported to increase wheat
resistance to pathogenic fungi (Weibull and Niemeyer, 1995) and
five species of cereal aphids (Leszczynski et al, 1989;
Leszczynski et al., 1995; Leszczynski and Dixon, 1990;
Mayoral et al., 1994; Mayoral et al., 1996; Gianoli and
Niemeyer, 1997).

Tolerant plants exhibit up-regulated photosynthetic capacity
If the host is not able to activate an active defence syndrome, like
in the case with the tolerant Tugela-Dn2, an alternative defensive
strategy must be sourced. Chlorosis due to D. noxia infestation is
thought to originate from interference with electron transport
(Burd and Elliott, 1996; Haile et al., 1999; Heng-Moss et al.,
2003; Botha et al., 2006). Susceptible wheat shows decreased
levels of chlorophyll a upon infestation by D. noxia (Burd and
Elliott, 1996; Ni et al., 2001; Wang et al., 2004b) which indicates
damage to Photosystem I (PSI) (Botha et al., 2006). If this is
indeed the case, it has serious implications for susceptible wheat
under aphid attack. PSI catalyzes the electron transport from
plastocyanin to ferredoxin (Haldrup et al., 2003). This reduced
ferredoxin pool is mostly employed in generating NADPH for
CO, assimilation, but is also used in regulating the activity of,
among others, CF|-ATP synthase and several enzymes in the
Calvin cycle (Ruelland and Miginiac-Maslow, 1999). Under-
reduced ferredoxin directly diminishes the plant’s ability to
synthesize ATP and carbohydrates. Increased photosynthetic
capacity via up-regulation of photosystem components provides
the most plausible mechanism for passive resistance against D.
noxia feeding as observed in the present study. Evidence for
ubiquitinylation (i.e., ubiquitin-specific protease) and up-
regulation of transcripts e.g. chloroplast 50S ribosomal protein
chlorophyll ab-binding protein, ATP-dependent Clp protease
proteolytic subunit, malate synthase, fructose 1,6-bisphosphatase,
and ferredoxin—thioredoxin reductase, all components of the
photosynthetic machinery, in the tolerant Tugela-Dn2 NIL,
provides support for this passive resistance mechanism for
aphid tolerance. Especially the fact that ferredoxin—thioredoxin
reductases are only up-regulated in Tugela-Dn2 provides
supporting evidence for this form of resistance, since the latter
enzymes are involved in the regulation of chloroplast
photosynthetic enzymes (Arnér and Holmgren, 2000). Tolerant
Betta-Dn2 plants, for example, have very stable chlorophyll
content during D. noxia feeding, suggesting that they can
compensate for chlorophyll loss in some way (Heng-Moss
et al., 2003).
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In conclusion, the patterns of differential gene expression of
the three resistance NILs bred from the susceptible Tugela wheat
line (Tolmay et al., 2006) are summarized in Fig. 7, and
constitute a superb opportunity to study the effects of single
resistance genes on an identical genetic background. From the
evidence presented here, it is clear that initial aphid recognition in
a Dn gene-specific manner coupled with the time and intensity of
subsequent gene activation is critical in the eventual development
of a resistant phenotype, whether an active antibiosis and
antixenosis, or a passive photosynthetic compensatory tolerance.
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MATERIALS AND METHODS

Plant material and aphid treatments

Hexaploid wheat (7riticum aestivum L.) germplasm of the near-isogenic
lines (NILs) Tugela, Tugela-Dnl (Tugela*4/SA1684), Tugela-Dn2
(Tugela*4/SA2199) and Tugela-Dn5 (Tugela*4/SA463) was obtained
from the Agricultural Research Council’s Small Grain Institute (ARC-
SGI), Bethlehem, South Africa (Liu et al., 2001; Tolmay et al., 2006).
Seeds were sown into 5 pots for each cultivar and thinned to 3 seedlings
per pot after 5 days. Plants were grown for 14 days (2-3 leaf stage) under
greenhouse conditions in a 1:2:2:1 mixture of perlite (Chemserve,
Olifantsfontein, South Africa), sifted bark compost, loam and sand at
25°C+2°C.

Aphids used for inducing plant responses were adult, apterous
Diuraphis noxia of the South African biotype SAl, obtained from a
colony established from field-collected parthenogenetic females at the
ARC-SGI and maintained on the susceptible cv. Tugela.

For cDNA-AFLP analysis, plants of each cultivar were infested with 5
aphids and incubated for 2 h, 6 h, 12 h, or 24 h, while control plants
remained uninfested. All leaves except the first leaf were harvested into
liquid N, and stored at —80°C prior to RNA isolation.

For Affymetrix analysis, plants of each cultivar were infested with 10
aphids and incubated for 48 h. All leaves except the first leaf were
harvested into liquid N, and stored at —80°C prior to RNA isolation.

For protein activity studies, plants were infested with 10 aphids as
described above, but were incubated for 5 h, 24 h, 48 h and 144 h. Time
intervals were chosen to capture events during the initial hypersensitive
response (HR) and the long-term systemic acquired resistance (SAR)
response.

cDNA-AFLP analysis

Frozen leaf tissue was ground in liquid N, using a mortar and pestle.
Total RNA was extracted using a guanidine thiocyanate buffer method
(Chomczynski and Sacchi, 1987) and the RNeasy kit with on-column
DNase 1 digestion (Qiagen, Hilden, Germany). mRNA isolation was
performed using the Qiagen Oligotex mRNA kit. cDNA synthesis was
performed using the cDNA Synthesis System (Roche Applied Science,
Mannheim, Germany) and the Qiagen MinElute Reaction Cleanup kit.
Fifty nanograms of cDNA from each sample was used for cDNA-AFLP
analysis (Bachem et al., 1996). cDNA-AFLP reactions were performed
using the Expression Analysis kit (Li-Cor Biosciences, Lincoln NE,
USA) according to the manufacturer’s instructions for the generation of
Taql+0/Msel+0 pre-amplification PCR products. These were assayed for
yield and quality by 1% agarose gel electrophoresis. Using the
approximate yield as a guide, the pre-amplification products were
diluted accordingly in sterile dH,O and used as template for the final
selective amplification. Selective amplifications were performed using
sixteen Msel+2 and Taql+2 selective primer combinations from the kit.
¢DNA-AFLP profiles were separated on Li-Cor IR? 42008 automated
DNA sequencers using an 8% (v/v) LongRanger acrylamide gel solution
(Cambrex Corp., East Rutherford NJ, USA) as previously described
(Myburg et al., 2001). cDNA-AFLP images were saved in 16-bit TIFF
format for image analysis.

Images generated on the Li-Cor DNA analyzers during electrophoresis
were used to calculate band intensities of fragments judged to be
differentially expressed, using the AFLP-QuantarPro software package
(KeyGene Products B.V., Wageningen, Netherlands). Lane definitions,
band scoring and sizing were carried out as described in the user’s
manual under default settings.

Statistical analysis of band intensity scores for differentially expressed
transcript-derived fragments (TDFs) was carried out using Systat 7.01
(SPSS Inc., Chicago IL, USA) and Bioconductor in R (Gentleman et al.,
2004). Statistical tests of differential expression were conducted using the
moderated #-test in Bioconductor. Transcript-derived fragments (TDFs)
with an absolute value of log, fold change [log,(FC)]>1 and adjusted P-
values of less than or equal to 0.05 between the different treatments, were
considered differentially expressed. TDFs meeting this criterion were
selected for further analysis by being excised from the gels, cloned and
sequenced as previously described (Zaayman et al., 2009). Putative
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identities were assigned to TDFs by BLASTx and BLASTn similarity
searches in GenBank (Altschul et al., 1997). Sequences were searched
against the KEGG (Kanehisa and Goto, 2000) (http://www.genome.jp/
kegg), BRENDA (Schomburg et al., 2002) (http://www.brenda-enzymes.
info) and Gene Ontology (GO) databases (http://geneontology.org) using
BLASTX via the program PLAN (He et al., 2007). Expectation values
where E=1e—02 and lower were considered significant. Cloned TDFs
were assigned clone identification numbers of format AmoLve-xx.xxx,
denoting an arbitrarily assigned two-digit primer code appended by the
approximate band size in base pairs of the fragment as determined from
cDNA-AFLP analysis.

Confirmation of differential gene expression by RT-qPCR and
RNA hybridization analyses

Real-time quantitative PCR (RT-qPCR) was performed on selected
clones/probes occurring in both cDNA-AFLP and Affymetrix data sets to
validate the expression obtained from transcript analysis. RT-qPCR was
executed using the iScript One-Step RT-PCR Kit (Bio-Rad, Hercules CA,
USA) and analysed using the iCycler iQ Real-Time PCR Detection
Instrument (Bio-Rad). After primer design from the TDF sequence
information using Primer Designer 5 (ver. 5.03, Scientific and
Educational Software, Cary NC, USA), purified salt-free primers were
synthesized (Integrated DNA Technologies, Coralville 1A, USA). Five
nanograms of total RNA and 10 uM of each primer (supplementary
material Table S4) were used per reaction. All PCR reactions were
carried out in triplicate. Relative quantification was done using the
Tugela_Ohpi (Tugela at 0 h post-infestation) sample as calibrator, and a
serial dilution of the Tugela-Dn/_24hpi sample to generate the standard
curve. The unregulated chloroplast 16S rRNA transcript was selected as
endogenous control and used for normalization during relative
quantification of target genes (Pfaffl, 2001).

Fifty nanograms of PCR product amplified using the primer sets
employed in RT-qPCR served as template for the synthesis of
fluorescein-11-dUTP-labeled probes using the Gene Images Random
Prime Labeling kit (GE Life Sciences, Uppsala, Sweden) according to the
manufacturer’s instructions. Incorporation of the fluorescein label was
monitored by comparing the fluorescence with a reference strip of
serially diluted nucleotide mix containing the fluorescein-11-dUTP
molecules. Two hundred nanograms of RNA from each sample was
blotted onto Hybond-N+ nylon membrane (GE Life Sciences) using the
BioDot-SF device (Bio-Rad) according to the recommendations in the
user manual. The RNA was cross-linked to the membrane using
the UVIlink CL508 ultraviolet crosslinker (UVItec Ltd., UK) set at
0.240 J for 3 min. Probe hybridization was performed in a Techne HB-
ID hybridization chamber (Techne Inc., Burlington NJ, USA). Pre-
hybridization of RNA was performed at 65°C in 0.125 mlem >
hybridization buffer for 30 min, whereafter the denatured probe was
added and allowed to hybridize overnight at 65°C. Probe detection was
carried out with the Gene Images CDP-Star Detection kit (GE Life
Sciences) according to the instructions of the manufacturer. Blots were
visualized by exposure to Amersham Hyperfilm ECL chemiluminescence
film (GE Life Sciences) overnight.

GeneChip Wheat Genome Array (Affymetrix, USA) analysis

Frozen leaf tissue was ground in liquid N, using a mortar and pestle, and
then incubated in PureLink Plant RNA purification Reagent (Invitrogen,
USA) at room temperature for 10 minutes. Total RNA was extracted
using the Qiagen RNeasy Plant Mini Kit with on-column DNase I
digestion following the manufacturer’s instructions. Integrity and
quantity of the RNA was tested using Experion RNA StdSen Chips
(Bio-Rad). The RNA samples were sent to the Centre for Proteomic and
Genomic Research (CPGR, Cape Town, South Africa), where additional
quality control and subsequent RNA labeling, processing, and data
gathering were performed, according to Affymetrix protocols. A total of
12 samples were hybridized to arrays. The experimental design enabled
for a complete comparison between all treatments at the specific time
point and enabled direct pairwise comparisons between all the treatments.
Different quality control checks were performed including inspection of

hybridized images, boxplots and histograms of log,(PM) values,
examination of hybridization and Poly(A) controls. Data analysis was
carried out using Bioconductor in R (Gentleman et al., 2004). Data
preprocessing and summarization were performed using Robust
Multichip Average (RMA) (Irizarry et al., 2003), Affymetrix
Microarray Suite 5 (MASS5.0) (Harr and Schlétterer, 2006), GeneChip
Robust Multichip Average (GCRMA) (Zakharkin et al., 2005), Variance
Stabilisation (VSN) (Huber et al., 2002) and Probe Level Models (PLM)
(Bolstad et al., 2003). Only expression data significant to all
normalization methods were included in further analyses. Statistical
tests of differential expression were conducted using the moderated -test
through the limma (Linear Models for Microarrays) package in
Bioconductor by comparing differential expression between treatments
obtained after normalizations as follows: Tugela infested <> Tugela-Dn/
infested <> Tugela-Dn2 infested <> Tugela-Dn5 infested. The Benjamini-
Hochberg multiple testing adjustment was applied in order to control the
comparison-wise false discovery rate (Benjamini and Hochberg, 1995).
After analyses of the different data sets, the obtained data sets were saved
in Excel spreadsheet format. Perl scripts (http://www.perl.org) were
written and run in the Unix environment to enable direct comparison
between the different data sets for the identification of genes that were
differentially expressed after normalization (Swanevelder, 2010).

Genes corresponding to probe sets with an absolute value of log, fold
change [log,(FC)]>1 and adjusted p-values of less than or equal to 0.05
were considered differentially expressed. The target sequences
corresponding to genes identified as differentially expressed were
obtained from Affymetrix. Target sequences were then searched
against the KEGG (Kanehisa and Goto, 2000) (http://www.genome.jp/
kegg), BRENDA (Schomburg et al., 2002) (http://www.brenda-enzymes.
info) and Gene Ontology (GO) databases (http://geneontology.org) using
BLASTX via the program PLAN (He et al., 2007). Additionally,
BLAST2GO (http://www.blast2go.com/start-blast2go) was used to
obtain the putative Gene Ontology (GO) (Conesa and Gotz, 2008).
Annotation was obtained for the top significant hit (using an E-value
cutoff of le—10) for each target sequence. Venn diagrams were drawn
using Venn diagram software tools (http://bioinformatics.psb.ugent.be/
webtools/Venn).

Protein activity assays

Extraction of enzymes was performed using a modified method of Rao
et al. (Rao et al., 1997). Leaf tissue was snap frozen in liquid N, and then
ground to powder, whereafter 500 pul of ice cold 100 mM potassium
phosphate buffer (pH 7.5) containing 1 mM ethylenediaminetetraacetic
acid (EDTA) and 1% polyvinylpyrrolidone (PVP) was added. After
centrifugation (25,000 g, 20 min, 4°C), the supernatant was used for
enzyme assays. All enzyme activities were conducted in triplicate using
independent biological repeats.

Peroxidase activity was determined following a modified method of
Zieslin and Ben-Zaken (Zieslin and Ben-Zaken, 1991). The assay
solution contained 0.1 M sodium phosphate buffer (pH 5), 3 mM H,0,,
3 mM guaiacol and an aliquot of the enzyme extract. The formation of
tetraguaiacol was monitored at 470 nm. Peroxidase activity was
expressed as mmol tetraguaiacolmin™"mg ™' protein.

Gluthathione-S-transferase (GST) enzyme activity was measured as
described (Venisse et al., 2001). The assay solution contained 0.1 M
phosphate buffer (pH 6.5), 3.6 mM reduced glutathione, | mM 1-chloro-
2,4-dinitrobenzene and an aliquot of the enzyme extract. The formation
of GS-DNB conjugate was monitored at 340 nm. GST activity was
expressed as mmol GSH-min ™~ "mg ™" protein.

Lipoxygenase (LOX) activity was measured according to the methods of
Grossman and Zakut (Grossman and Zakut, 1979) and Ocampo et al.
(Ocampo et al., 1986). The LOX reaction mixture contained 0.1 M sodium
citrate-phosphate buffer (pH 6.2), 2.5 mM linoleic acid and an aliquot of
the enzyme extract. The formation of hydroperoxyoctadecadienoic acid
(HPOD) was monitored at 234 nm. LOX activity was expressed as nmol
HPOD-min~ "mg ™" protein.

The colorimetric assay of f-1,3-glucanase was carried out according to
a modified method of Fink et al. (Fink et al., 1988). An aliquot of the
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enzyme was incubated with 0.5 ml substrate, laminarin (1 mgml '
50 mM sodium acetate buffer, pH 4.5) at 37°C for 10 min. Subsequently,
0.5 ml reagent of Somogyi (Somogyi, 1952) was added and the mixture
heated at 100°C for 10 min. After cooling and the addition of 0.5 ml of
arsenomolybdate reagent of Nelson (Nelson, 1944), absorbance of the
coloured product was measured at 540 nm. A standard curve relating the
amount of glucose equivalents to absorbance (As4) was employed for
the determination of enzyme activity. The formation of glucose was a
linear function of enzyme concentration extracted (data not shown). f-
1,3-glucanase activity was expressed as mg glucosemin ™ 'mg ™" protein.

Protein concentration was determined according to the method of
Bradford (Bradford, 1976) using the Bio-Rad protein assay reagent with
bovine albumin (Bio-Rad) as a standard. The Glomax Spectrophotometer,
following the method described by Rylatt and Parish, was used for this
purpose (Rylatt and Parish, 1982).

Enzyme activity measurements were analyzed by analysis of variance
(ANOVA) by using a split-plot model with genotype as the main plot.
This model was used to achieve greater precision in comparing
treatments and finding differential treatment effects relative to the
genotype (interaction). Comparisons between two treatment means in the
same genotype were made using the least significant difference test
(2=0.05). The Student-Newman-Keuls test (Newman, 1939) was applied
to conduct multiple comparisons of the treatments. Statistical analyses
were conducted using SAS (SAS Institute, 1988).

DAB staining for the presence of H,0,

DAB staining was performed according to the protocol of Thordal-
Christensen et al. (Thordal-Christensen et al., 1997). The fourth leaves
from four independent biological replicates per treatment were collected
6 days after aphid infestation. Feeding aphids were removed from all
leaves with a paintbrush, and leaves were placed in 1 mgml™' 3,3'-
diaminobenzidine (DAB)-HCI, pH 3.8, (Sigma—Aldrich, St. Louis, MO,
USA) and incubated overnight in the dark at room temperature with
gentle agitation. The tissues were subsequently cleared in 75% ethanol
at 37°C with gentle agitation for 5 h, replacing the ethanol as needed.
The presence of H,O, is revealed by reddish-brown polymerized
deposits.

Acknowledgements

The authors express their sincere gratitude to the Winter Cereal Trust, the
National Research Foundation and THRIP-DTI of South Africa for financial
assistance.

Competing interests
The authors have no competing interests to declare.

Author contributions

AMB designed the experiments. AMB, NFVB, LVE and ZHS performed the
experiments. AMB and ZHS analyzed the data. AMB drafted the paper, while LVE,
NFVB and ZHS edited the paper. All authors read and approved the final
manuscript.

Funding

This work was supported by the Winter Cereal Trust, the National Research
Foundation, the Technology and Human Resources for Industry Programme and
the Department of Trade and Industry.

References

Altschul, S. F.,, Madden, T. L., Schéffer, A. A., Zhang, J., Zhang, Z., Miller, W.
and Lipman, D. J. (1997). Gapped BLAST and PSI-BLAST: a new generation of
protein database search programs. Nucleic Acids Res. 25, 3389-3402.

Arnér, E. S. J. and Holmgren, A. (2000). Physiological functions of thioredoxin
and thioredoxin reductase. Eur. J. Biochem. 267, 6102-6109.

Bachem, C. W. B., van der Hoeven, R. S., de Bruijn, S. M., Vreugdenhil, D.,
Zabeau, M. and Visser, R. G. F. (1996). Visualization of differential gene
expression using a novel method of RNA fingerprinting based on AFLP: analysis
of gene expression during potato tuber development. Plant J. 9, 745-753.

Benjamini, V. and Hochberg, V. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. B 57, 289-
300.

Berner, J. (2006). Biochemistry of Russian Wheat Aphid Resistance in Wheat:
Involvement of Lipid-Like Products. PhD Thesis, University of the Free State,
Bloemfontein, South Africa, pp. 47-50.

1124

Bolstad, B. M., Irizarry, R. A., Astrand, M. and Speed, T. P. (2003). A
comparison of normalization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics 19, 185-193.

Botha, A. M. (2013). A coevolutionary conundrum: the arms race between
Diuraphis noxia (Kurdjumov) a specialist pest and its host Triticum aestivum
(L.). Arthropod-Plant Interact. 7, 359-372.

Botha, A. M., Nagel, M. A. C., van der Westhuizen, A. J. and Botha, F. C.
(1998). Chitinase isoenzymes in near-isogenic wheat lines challenged with
Russian wheat aphid, exogenous ethylene, and mechanical wounding. Bot.
Bull. Acad. Sin. 39, 99-106.

Botha, A. M., Li, Y. and Lapitan, N. L. V. (2005). Cereal host interactions with
Russian wheat aphid: a review. J. Plant Interact. 1, 211-222.

Botha, A. M., Lacock, L., van Niekerk, C., Matsioloko, M. T., du Preez, F. B.,
Loots, S., Venter, E., Kunert, K. J. and Cullis, C. A. (2006). Is photosynthetic
transcriptional regulation in Triticum aestivum L. cv. ‘TugelaDN’ a contributing
factor for tolerance to Diuraphis noxia (Homoptera: Aphididae)? Plant Cell Rep.
25, 41-54.

Botha, A. M., Swanevelder, Z. H. and Lapitan, N. L. V. (2010). Transcript
profiling of wheat genes expressed during feeding by two different biotypes of
Diuraphis noxia. Environ. Entomol. 39, 1206-1231.

Bouché, N., Yellin, A., Snedden, W. A. and Fromm, H. (2005). Plant-specific
calmodulin-binding proteins. Annu. Rev. Plant Biol. 56, 435-466.

Boyko, E. V., Smith, C. M., Thara, V. K., Bruno, J. M., Deng, Y., Starkey, S. R.
and Klaahsen, D. L. (2006). Molecular basis of plant gene expression during
aphid invasion: wheat Pfo- and Pti-like sequences are involved in interactions
between wheat and Russian wheat aphid (Homoptera: Aphididae). J. Econ.
Entomol. 99, 1430-1445.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254.

Budak, S., Quisenberry, S. S. and Ni, X. (1999). Comparison of Diuraphis noxia
resistance in wheat isolines and plant introduction lines. Entomol. Exp. Appl. 92,
157-164.

Burd, J. D. and Burton, R. L. (1992). Characterization of plant damage caused by
Russian wheat aphid (Homoptera: Aphididae). J. Econ. Entomol. 85, 2015-
2022.

Burd, J. D. and Elliott, N. C. (1996). Changes in chlorophyll a fluorescence
induction kinetics in cereals infested with Russian wheat aphid (Homoptera:
Aphididae). J. Econ. Entomol. 89, 1332-1337.

Chomczynski, P. and Sacchi, N. (1987). Single-step method of RNA isolation by
acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Biochem.
162, 156-159.

Conesa, A. and Gotz, S. (2008). Blast2GO: A comprehensive suite for functional
analysis in plant genomics. Int. J. Plant Genomics 2008, 619832.

Couldridge, C., Newbury, H. J., Ford-Lloyd, B., Bale, J. and Pritchard, J.
(2007). Exploring plant responses to aphid feeding using a full Arabidopsis
microarray reveals a small number of genes with significantly altered
expression. Bull. Entomol. Res. 97, 523-532.

Czempinski, K., Zimmermann, S., Ehrhardt, T. and Miiller-Réber, B. (1997).
New structure and function in plant K* channels: KCO1, an outward rectifier with
a steep Ca?* dependency. EMBO J. 16, 2565-2575.

Dangl, J. L. and Jones, J. D. G. (2001). Plant pathogens and integrated defence
responses to infection. Nature 411, 826-833.

Davis, G. K. (2012). Cyclical parthenogenesis and viviparity in aphids as
evolutionary novelties. J. Exp. Zool. B 318, 448-459.

De Vos, M., Van Oosten, V. R.,, Van Poecke, R. M. P, Van Pelt, J. A,,
Pozo, M. J., Mueller, M. J., Buchala, A. J., Métraux, J. P,, Van Loon, L. C.,
Dicke, M. et al. (2005). Signal signature and transcriptome changes of
Arabidopsis during pathogen and insect attack. Mol. Plant Microbe Interact. 18,
923-937.

Divol, F., Vilaine, F., Thibivilliers, S., Amselem, J., Palauqui, J. C., Kusiak, C.
and Dinant, S. (2005). Systemic response to aphid infestation by Myzus
persicae in the phloem of Apium graveolens. Plant Mol. Biol. 57, 517-540.

Du Toit, F. (1989). Components of resistance in three bread wheat lines to
Russian wheat aphid (Homoptera: Aphididae) in South Africa. J. Econ. Entomol.
82, 1779-1781.

Fink, W., Liefland, M. and Mendgen, K. (1988). Chitinases and $3-1,3-glucanases
in the apoplastic compartment of oat leaves (Avena sativa L.). Plant Physiol. 88,
270-275.

Flor, H. H. (1971). Current status of the gene-for-gene concept. Annu. Rev.
Phytopathol. 9, 275-296.

Fouché, A., Verhoeven, R. L., Hewitt, P. H., Walters, M. C., Kriel, C. F. and De
Jager, J. (1984). Russian wheat aphid (Diuraphis noxia) feeding damage on
wheat, related cereals and a Bromus grass species. In Progress in Russian
Wheat Aphid (Diuraphis noxia Mordw.) Research in the Republic of South
Africa: Proceedings of a Meeting of the Russian Aphid Task Team held at the
University of the Orange Free State, Bloemfontein, 5-6 May 1982, Technical
Communication no. 191 (ed. M. C. Walters), pp. 22-23. Pretoria, South Africa:
Department of Agriculture.

Foyer, C. H. and Noctor, G. (2005). Redox homeostasis and antioxidant
signaling: a metabolic interface between stress perception and physiological
responses. Plant Cell 17, 1866-1875.

Foyer, C. H. and Noctor, G. (2009). Redox regulation in photosynthetic
organisms: signaling, acclimation, and practical implications. Antioxid. Redox
Signal. 11, 861-905.

c
o
ot

O
>
(o)

o

2

m



http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1093/nar/25.17.3389
http://dx.doi.org/10.1046/j.1432-1327.2000.01701.x
http://dx.doi.org/10.1046/j.1432-1327.2000.01701.x
http://dx.doi.org/10.1046/j.1365-313X.1996.9050745.x
http://dx.doi.org/10.1046/j.1365-313X.1996.9050745.x
http://dx.doi.org/10.1046/j.1365-313X.1996.9050745.x
http://dx.doi.org/10.1046/j.1365-313X.1996.9050745.x
http://dx.doi.org/10.1093/bioinformatics/19.2.185
http://dx.doi.org/10.1093/bioinformatics/19.2.185
http://dx.doi.org/10.1093/bioinformatics/19.2.185
http://dx.doi.org/10.1007/s11829-013-9262-3
http://dx.doi.org/10.1007/s11829-013-9262-3
http://dx.doi.org/10.1007/s11829-013-9262-3
http://dx.doi.org/10.1080/17429140601073035
http://dx.doi.org/10.1080/17429140601073035
http://dx.doi.org/10.1007/s00299-005-0001-9
http://dx.doi.org/10.1007/s00299-005-0001-9
http://dx.doi.org/10.1007/s00299-005-0001-9
http://dx.doi.org/10.1007/s00299-005-0001-9
http://dx.doi.org/10.1007/s00299-005-0001-9
http://dx.doi.org/10.1603/EN09248
http://dx.doi.org/10.1603/EN09248
http://dx.doi.org/10.1603/EN09248
http://dx.doi.org/10.1146/annurev.arplant.56.032604.144224
http://dx.doi.org/10.1146/annurev.arplant.56.032604.144224
http://dx.doi.org/10.1603/0022-0493-99.4.1430
http://dx.doi.org/10.1603/0022-0493-99.4.1430
http://dx.doi.org/10.1603/0022-0493-99.4.1430
http://dx.doi.org/10.1603/0022-0493-99.4.1430
http://dx.doi.org/10.1603/0022-0493-99.4.1430
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1046/j.1570-7458.1999.00535.x
http://dx.doi.org/10.1046/j.1570-7458.1999.00535.x
http://dx.doi.org/10.1046/j.1570-7458.1999.00535.x
http://dx.doi.org/10.1016/0003-2697(87)90021-2
http://dx.doi.org/10.1016/0003-2697(87)90021-2
http://dx.doi.org/10.1016/0003-2697(87)90021-2
http://dx.doi.org/10.1155/2008/619832
http://dx.doi.org/10.1155/2008/619832
http://dx.doi.org/10.1017/S0007485307005160
http://dx.doi.org/10.1017/S0007485307005160
http://dx.doi.org/10.1017/S0007485307005160
http://dx.doi.org/10.1017/S0007485307005160
http://dx.doi.org/10.1093/emboj/16.10.2565
http://dx.doi.org/10.1093/emboj/16.10.2565
http://dx.doi.org/10.1093/emboj/16.10.2565
http://dx.doi.org/10.1093/emboj/16.10.2565
http://dx.doi.org/10.1093/emboj/16.10.2565
http://dx.doi.org/10.1038/35081161
http://dx.doi.org/10.1038/35081161
http://dx.doi.org/10.1002/jez.b.22441
http://dx.doi.org/10.1002/jez.b.22441
http://dx.doi.org/10.1094/MPMI-18-0923
http://dx.doi.org/10.1094/MPMI-18-0923
http://dx.doi.org/10.1094/MPMI-18-0923
http://dx.doi.org/10.1094/MPMI-18-0923
http://dx.doi.org/10.1094/MPMI-18-0923
http://dx.doi.org/10.1007/s11103-005-0338-z
http://dx.doi.org/10.1007/s11103-005-0338-z
http://dx.doi.org/10.1007/s11103-005-0338-z
http://dx.doi.org/10.1104/pp.88.2.270
http://dx.doi.org/10.1104/pp.88.2.270
http://dx.doi.org/10.1104/pp.88.2.270
http://dx.doi.org/10.1146/annurev.py.09.090171.001423
http://dx.doi.org/10.1146/annurev.py.09.090171.001423
http://dx.doi.org/10.1105/tpc.105.033589
http://dx.doi.org/10.1105/tpc.105.033589
http://dx.doi.org/10.1105/tpc.105.033589
http://dx.doi.org/10.1089/ars.2008.2177
http://dx.doi.org/10.1089/ars.2008.2177
http://dx.doi.org/10.1089/ars.2008.2177

RESEARCH ARTICLE

Biology Open (2014) 3, 1116-1126 doi:10.1242/bi0.201410280

Frey, M., Chomet, P., Glawischnig, E., Stettner, C., Griin, S., Winkimair, A.,
Eisenreich, W., Bacher, A., Meeley, R. B., Briggs, S. P. et al. (1997). Analysis
of a chemical plant defense mechanism in grasses. Science 277, 696-699.

Gentleman, R. C., Carey, V. J., Bates, D. M., Bolstad, B., Dettling, M., Dudoit,
S., Ellis, B., Gautier, L., Ge, Y., Gentry, J. et al. (2004). Bioconductor: open
software development for computational biology and bioinformatics. Genome
Biol. 5, R80.

Gianoli, E. and Niemeyer, H. M. (1997). Characteristics of hydroxamic acid
induction in wheat triggered by aphid infestation. J. Chem. Ecol. 23, 2695-2705.

Grant, M., Brown, |., Adams, S., Knight, M., Ainslie, A. and Mansfield, J.
(2000). The RPM1 plant disease resistance gene facilitates a rapid and
sustained increase in cytosolic calcium that is necessary for the oxidative burst
and hypersensitive cell death. Plant J. 23, 441-450.

Grossman, S. and Zakut, R. (1979). Determination of the activity of lipoxygenase
(lipoxidase). Methods Biochem. Anal. 25, 303-329.

Gutsche, A., Heng-Moss, T., Sarath, G., Twigg, P., Xia, Y., Lu, G. and
Mornhinweg, D. (2009). Gene expression profiling of tolerant barley in response
to Diuraphis noxia (Hemiptera: Aphididae) feeding. Bull. Entomol. Res. 99, 163-
173.

Haile, F. J., Higley, L. G., Ni, X. and Quisenberry, S. S. (1999). Physiological and
growth tolerance in wheat to Russian wheat aphid (Homoptera: Aphididae)
injury. Environ. Entomol. 28, 787-794.

Haldrup, A., Lunde, C. and Scheller, H. V. (2003). Arabidopsis thaliana plants
lacking the PSI-D subunit of photosystem | suffer severe photoinhibition, have
unstable photosystem | complexes, and altered redox homeostasis in the
chloroplast stroma. J. Biol. Chem. 278, 33276-33283.

Hammond-Kosack, K. E. and Jones, J. D. G. (1996). Resistance gene-
dependent plant defense responses. Plant Cell 8, 1773-1791.

Harr, B. and Schlétterer, C. (2006). Comparison of algorithms for the analysis of
Affymetrix microarray data as evaluated by co-expression of genes in known
operons. Nucleic Acids Res. 34, e8.

He, J., Dai, X. and Zhao, X. (2007). PLAN: a web platform for automating high-
throughput BLAST searches and for managing and mining results. BMC
Bioinformatics 8, 53.

Heng-Moss, T. M., Ni, X., Macedo, T., Markwell, J. P., Baxendale, F. P,
Quisenberry, S. S. and Tolmay, V. (2003). Comparison of chlorophyll and
carotenoid concentrations among Russian wheat aphid (Homoptera:
Aphididae)-infested wheat isolines. J. Econ. Entomol. 96, 475-481.

Heyns, I, Groenewald, E., Marais, F., Du Toit, F. and Tolmay, V. (2006).
Chromosomal location of the Russian wheat aphid resistance gene, Dn5. Crop
Sci. 46, 630-636.

Huber, W., von Heydebreck, A., Siiltmann, H., Poustka, A. and Vingron, M.
(2002). Variance stabilization applied to microarray data calibration and to the
quantification of differential expression. Bioinformatics 18 Suppl. 1, S96-S104.

Irizarry, R. A., Bolstad, B. M., Collin, F., Cope, L. M., Hobbs, B. and Speed, T. P.
(2003). Summaries of Affymetrix GeneChip probe level data. Nucleic Acids Res.
31, e15.

Jackowski, S. and Fagone, P. (2005). CTP: Phosphocholine cytidylyltransferase:
paving the way from gene to membrane. J. Biol. Chem. 280, 853-856.

Kanehisa, M. and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and
genomes. Nucleic Acids Res. 28, 27-30.

Kehr, J. (2006). Phloem sap proteins: their identities and potential roles in the
interaction between plants and phloem-feeding insects. J. Exp. Bot. 57, 767-
774.

Kent, C. (1997). CTP:phosphocholine cytidylyltransferase. Biochim. Biophys. Acta
1348, 79-90.

Kusnierczyk, A., Winge, P., Jorstad, T. S., Troczynska, J., Rossiter, J. T. and
Bones, A. M. (2008). Towards global understanding of plant defence against
aphids — timing and dynamics of early Arabidopsis defence responses to
cabbage aphid (Brevicoryne brassicae) attack. Plant Cell Environ. 31, 1097-
1115.

Lacock, L., Van Niekerk, C., Loots, S., Du Preez, F. and Botha, A. M. (2003).
Functional and comparative analysis of expressed sequences from Diuraphis
noxia infested wheat obtained utilizing the conserved nucleotide binding site.
Afr. J. Biotechnol. 2, 75-81.

Lam, E., Kato, N. and Lawton, M. (2001). Programmed cell death, mitochondria
and the plant hypersensitive response. Nature 411, 848-853.

Lam, K. C., Ibrahim, R. K., Behdad, B. and Dayanandan, S. (2007). Structure,
function, and evolution of plant O-methyltransferases. Genome 50, 1001-
1013.

Lapitan, N. L. V., Li, Y. C., Peng, J. and Botha, A. M. (2007). Fractionated
extracts of Russian wheat aphid eliciting defense responses in wheat. J. Econ.
Entomol. 100, 990-999.

Leszczynski, B. and Dixon, A. F. G. (1990). Resistance of cereals to aphids:
Interaction between hydroxamic acids and the aphid Sitobion avenae
(Homoptera: Aphididae). Ann. Appl. Biol. 117, 21-30.

Leszczynski, B., Wright, L. C. and Bakowski, T. (1989). Effect of secondary
plant substances on winter wheat resistance to grain aphid. Entomol. Exp. Appl.
52, 135-139.

Leszczynski, B., Tjallingii, W. F., Dixon, A. F. G. and Swiderski, R. (1995).
Effect of methoxyphenols on grain aphid feeding behaviour. Entomol. Exp. Appl.
76, 157-162.

Liu, X. M., Smith, C. M., Gill, B. S. and Tolmay, V. (2001). Microsatellite markers
linked to six Russian wheat aphid resistance genes in wheat. Theor. Appl.
Genet. 102, 504-510.

Liu, X., Meng, J., Starkey, S. and Smith, C. M. (2011). Wheat gene expression is
differentially affected by a virulent Russian wheat aphid biotype. J. Chem. Ecol.
37, 472-482.

Ma, W. and Berkowitz, G. A. (2007). The grateful dead: calcium and cell death in
plant innate immunity. Cell. Microbiol. 9, 2571-2585.

Ma, Z. Q., Saidi, A., Quick, J. S. and Lapitan, N. L. V. (1998). Genetic mapping of
Russian wheat aphid resistance genes Dn2 and Dn4 in wheat. Genome 41,
303-306.

Marais, G. F. and Du Toit, F. (1993). A monosomic analysis of Russian wheat
aphid resistance in the common wheat Pl 294994. Plant Breed. 111, 246-248.

Matsiliza, B. and Botha, C. E. J. (2002). Aphid (Sitobion yakini) investigation
suggests thin-walled sieve tubes in barley (Hordeum vulgare) to be more
functional than thick-walled sieve tubes. Physiol. Plant. 115, 137-143.

Mattiacci, L., Dicke, M. and Posthumus, M. A. (1995). B-Glucosidase: an elicitor
of herbivore-induced plant odor that attracts host-searching parasitic wasps.
Proc. Natl. Acad. Sci. USA 92, 2036-2040.

Mayoral, A. M., Gutierrez, C., Ruiz, M. L. and Castadera, P. (1994). A high
performance liquid chromatography method for quantification of DIBOA,
DIMBOA, and MBOA from aqueous extracts of corn and winter cereal plants.
J. Lig. Chromatogr. 17, 2651-2665.

Mayoral, A. M., Tjallingii, W. F. and Castaiera, P. (1996). Probing behaviour of
Diuraphis noxia on five cereal species with different hydroxamic acid levels.
Entomol. Exp. Appl. 78, 341-348.

Mewis, I, Appel, H. M., Hom, A., Raina, R. and Schultz, J. C. (2005). Major signaling
pathways modulate Arabidopsis glucosinolate accumulation and response to both
phloem-feeding and chewing insects. Plant Physiol. 138, 1149-1162.

Miller, H. L., Neese, P. A., Ketring, D. L. and Dillwith, J. W. (1994). Involvement
of ethylene in aphid infestation in barley. J. Plant Growth Regul. 13, 167-171.
Moran, P. J. and Thompson, G. A. (2001). Molecular responses to aphid feeding
in Arabidopsis in relation to plant defense pathways. Plant Physiol. 125, 1074-

1085.

Morant, A. V., Bjarnholt, N., Kragh, M. E., Kjaergaard, C. H., Jergensen, K.,
Paquette, S. M., Piotrowski, M., Imberty, A., Olsen, C. E., Maller, B. L. et al.
(2008a). The p-glucosidases responsible for bioactivation of hydroxynitrile
glucosides in Lotus japonicus. Plant Physiol. 147, 1072-1091.

Morant, A. V., Jergensen, K., Jergensen, C., Paquette, S. M., Sanchez-Pérez,
R., Mgller, B. L. and Bak, S. (2008b). B-Glucosidases as detonators of plant
chemical defense. Phytochemistry 69, 1795-1813.

Marimuthu, M. and Smith, C. M. (2012). Barley tolerance of Russian wheat aphid
(Hemiptera: Aphididae) biotype 2 herbivory involves expression of defense
response and developmental genes. Plant Signal. Behav. 7, 382-391.

Myburg, A. A., Cawood, M., Windfield, B. D. and Botha, A. M. (1998).
Development of RAPD and SCAR markers linked to Russian wheat aphid
resistance gene Dn2 in wheat. Theor. Appl. Genet. 96, 1162-1169.

Myburg, A. A., Remington, D. L., O’Malley, D. M., Sederoff, R. R. and Whetten,
R. W. (2001). High-throughput AFLP analysis using infrared dye-labeled primers
and an automated DNA sequencer. BioTechniques 30, 348-352, 354, 356-
357.

Nelson, N. (1944). A photometric adaptation of the Somogyi method for the
determination of glucose. J. Biol. Chem. 153, 375-380.

Newman, D. (1939). The distribution of range in samples from a normal
population, expressed in terms of an independent estimate of standard
deviation. Biometrika 31, 20-30.

Ni, X. and Quisenberry, S. S. (2000). Comparison of DIMBOA concentrations
among wheat isolines and corresponding plant introduction lines. Entomol. Exp.
Appl. 96, 275-279.

Ni, X., Quisenberry, S. S., Markwell, J., Heng-Moss, T., Higley, L., Baxendale,
F., Sarath, G. and Klucas, R. (2001). /n vitro enzymatic chlorophyll catabolism
in wheat elicited by cereal aphid feeding. Entomol. Exp. Appl. 101, 159-166.

Niemeyer, H. M. (1988). Hydroxamic acids (4-hydroxy-1,4-benzoxazin-3-ones),
defence chemicals in the Gramineae. Phytochemistry 27, 3349-3358.

Ocampo, C. A., Moerschbacher, B. and Grambow, H. J. (1986). Increased
lipoxygenase activity is involved in the hypersensitive response of wheat leaf
cells infected with avirulent rust fungi or treated with fungal elicitor. Z.
Naturforsch 41c, 559-563.

Painter, R. H. (1951). Insect Resistance in Crop Plants, p. 520. New York, NY: The
Macmillan Co.

Painter, R. H. (1958). Resistance of plants to insects. Annu. Rev. Entomol. 3, 267-
290.

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29, e45.

Richmond, T. A. and Somerville, C. R. (2000). The cellulose synthase
superfamily. Plant Physiol. 124, 495-498.

Rao, M. V., Paliyath, G., Ormrod, D. P., Murr, D. P. and Watkins, C. B. (1997).
Influence of salicylic acid on H,O, production, oxidative stress, and H,O,-
metabolizing enzymes (salicylic acid-mediated oxidative damage requires
H,0,). Plant Physiol. 115, 137-149.

Ruelland, E. and Miginiac-Maslow, M. (1999). Regulation of chloroplast enzyme
activities by thioredoxins: activation or relief from inhibition? Trends Plant Sci. 4,
136-141.

Rylatt, D. B. and Parish, C. R. (1982). Protein determination on an automatic
spectrophotometer. Anal. Biochem. 121, 213-214.

Saheed, S. A, Liu, L., Jonsson, L. and Botha, C. E. J. (2007). Xylem — as well
as phloem — sustains severe damage due to feeding by the Russian wheat
aphid. S. Afr. J. Bot. 73, 593-599.

1125

c
o
ot

O
>
(o)

o

2

m



http://dx.doi.org/10.1126/science.277.5326.696
http://dx.doi.org/10.1126/science.277.5326.696
http://dx.doi.org/10.1126/science.277.5326.696
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://dx.doi.org/10.1186/gb-2004-5-10-r80
http://dx.doi.org/10.1023/A:1022554708782
http://dx.doi.org/10.1023/A:1022554708782
http://dx.doi.org/10.1046/j.1365-313x.2000.00804.x
http://dx.doi.org/10.1046/j.1365-313x.2000.00804.x
http://dx.doi.org/10.1046/j.1365-313x.2000.00804.x
http://dx.doi.org/10.1046/j.1365-313x.2000.00804.x
http://dx.doi.org/10.1002/9780470110454.ch5
http://dx.doi.org/10.1002/9780470110454.ch5
http://dx.doi.org/10.1017/S0007485308006184
http://dx.doi.org/10.1017/S0007485308006184
http://dx.doi.org/10.1017/S0007485308006184
http://dx.doi.org/10.1017/S0007485308006184
http://dx.doi.org/10.1074/jbc.M305106200
http://dx.doi.org/10.1074/jbc.M305106200
http://dx.doi.org/10.1074/jbc.M305106200
http://dx.doi.org/10.1074/jbc.M305106200
http://dx.doi.org/10.1105/tpc.8.10.1773
http://dx.doi.org/10.1105/tpc.8.10.1773
http://dx.doi.org/10.1093/nar/gnj010
http://dx.doi.org/10.1093/nar/gnj010
http://dx.doi.org/10.1093/nar/gnj010
http://dx.doi.org/10.1186/1471-2105-8-53
http://dx.doi.org/10.1186/1471-2105-8-53
http://dx.doi.org/10.1186/1471-2105-8-53
http://dx.doi.org/10.1603/0022-0493-96.2.475
http://dx.doi.org/10.1603/0022-0493-96.2.475
http://dx.doi.org/10.1603/0022-0493-96.2.475
http://dx.doi.org/10.1603/0022-0493-96.2.475
http://dx.doi.org/10.2135/cropsci2005.0174
http://dx.doi.org/10.2135/cropsci2005.0174
http://dx.doi.org/10.2135/cropsci2005.0174
http://dx.doi.org/10.1093/bioinformatics/18.suppl_1.S96
http://dx.doi.org/10.1093/bioinformatics/18.suppl_1.S96
http://dx.doi.org/10.1093/bioinformatics/18.suppl_1.S96
http://dx.doi.org/10.1093/nar/gng015
http://dx.doi.org/10.1093/nar/gng015
http://dx.doi.org/10.1093/nar/gng015
http://dx.doi.org/10.1074/jbc.R400031200
http://dx.doi.org/10.1074/jbc.R400031200
http://dx.doi.org/10.1093/nar/28.1.27
http://dx.doi.org/10.1093/nar/28.1.27
http://dx.doi.org/10.1093/jxb/erj087
http://dx.doi.org/10.1093/jxb/erj087
http://dx.doi.org/10.1093/jxb/erj087
http://dx.doi.org/10.1016/S0005-2760(97)00112-4
http://dx.doi.org/10.1016/S0005-2760(97)00112-4
http://dx.doi.org/10.1111/j.1365-3040.2008.01823.x
http://dx.doi.org/10.1111/j.1365-3040.2008.01823.x
http://dx.doi.org/10.1111/j.1365-3040.2008.01823.x
http://dx.doi.org/10.1111/j.1365-3040.2008.01823.x
http://dx.doi.org/10.1111/j.1365-3040.2008.01823.x
http://dx.doi.org/10.1038/35081184
http://dx.doi.org/10.1038/35081184
http://dx.doi.org/10.1139/G07-077
http://dx.doi.org/10.1139/G07-077
http://dx.doi.org/10.1139/G07-077
http://dx.doi.org/10.1603/0022-0493(2007)100<990:FEORWA>2.0.CO;2
http://dx.doi.org/10.1603/0022-0493(2007)100<990:FEORWA>2.0.CO;2
http://dx.doi.org/10.1603/0022-0493(2007)100<990:FEORWA>2.0.CO;2
http://dx.doi.org/10.1111/j.1744-7348.1990.tb04191.x
http://dx.doi.org/10.1111/j.1744-7348.1990.tb04191.x
http://dx.doi.org/10.1111/j.1744-7348.1990.tb04191.x
http://dx.doi.org/10.1111/j.1570-7458.1989.tb01259.x
http://dx.doi.org/10.1111/j.1570-7458.1989.tb01259.x
http://dx.doi.org/10.1111/j.1570-7458.1989.tb01259.x
http://dx.doi.org/10.1111/j.1570-7458.1995.tb01957.x
http://dx.doi.org/10.1111/j.1570-7458.1995.tb01957.x
http://dx.doi.org/10.1111/j.1570-7458.1995.tb01957.x
http://dx.doi.org/10.1007/s001220051674
http://dx.doi.org/10.1007/s001220051674
http://dx.doi.org/10.1007/s001220051674
http://dx.doi.org/10.1007/s10886-011-9949-9
http://dx.doi.org/10.1007/s10886-011-9949-9
http://dx.doi.org/10.1007/s10886-011-9949-9
http://dx.doi.org/10.1111/j.1462-5822.2007.01031.x
http://dx.doi.org/10.1111/j.1462-5822.2007.01031.x
http://dx.doi.org/10.1139/gen-41-2-303
http://dx.doi.org/10.1139/gen-41-2-303
http://dx.doi.org/10.1139/gen-41-2-303
http://dx.doi.org/10.1111/j.1439-0523.1993.tb00636.x
http://dx.doi.org/10.1111/j.1439-0523.1993.tb00636.x
http://dx.doi.org/10.1034/j.1399-3054.2002.1150116.x
http://dx.doi.org/10.1034/j.1399-3054.2002.1150116.x
http://dx.doi.org/10.1034/j.1399-3054.2002.1150116.x
http://dx.doi.org/10.1073/pnas.92.6.2036
http://dx.doi.org/10.1073/pnas.92.6.2036
http://dx.doi.org/10.1073/pnas.92.6.2036
http://dx.doi.org/10.1080/10826079408013405
http://dx.doi.org/10.1080/10826079408013405
http://dx.doi.org/10.1080/10826079408013405
http://dx.doi.org/10.1080/10826079408013405
http://dx.doi.org/10.1111/j.1570-7458.1996.tb00799.x
http://dx.doi.org/10.1111/j.1570-7458.1996.tb00799.x
http://dx.doi.org/10.1111/j.1570-7458.1996.tb00799.x
http://dx.doi.org/10.1104/pp.104.053389
http://dx.doi.org/10.1104/pp.104.053389
http://dx.doi.org/10.1104/pp.104.053389
http://dx.doi.org/10.1007/BF00226033
http://dx.doi.org/10.1007/BF00226033
http://dx.doi.org/10.1104/pp.125.2.1074
http://dx.doi.org/10.1104/pp.125.2.1074
http://dx.doi.org/10.1104/pp.125.2.1074
http://dx.doi.org/10.1104/pp.107.109512
http://dx.doi.org/10.1104/pp.107.109512
http://dx.doi.org/10.1104/pp.107.109512
http://dx.doi.org/10.1104/pp.107.109512
http://dx.doi.org/10.1016/j.phytochem.2008.03.006
http://dx.doi.org/10.1016/j.phytochem.2008.03.006
http://dx.doi.org/10.1016/j.phytochem.2008.03.006
http://dx.doi.org/10.4161/psb.19139
http://dx.doi.org/10.4161/psb.19139
http://dx.doi.org/10.4161/psb.19139
http://dx.doi.org/10.1007/s001220050852
http://dx.doi.org/10.1007/s001220050852
http://dx.doi.org/10.1007/s001220050852
http://dx.doi.org/10.1093/biomet/31.1-2.20
http://dx.doi.org/10.1093/biomet/31.1-2.20
http://dx.doi.org/10.1093/biomet/31.1-2.20
http://dx.doi.org/10.1046/j.1570-7458.2000.00706.x
http://dx.doi.org/10.1046/j.1570-7458.2000.00706.x
http://dx.doi.org/10.1046/j.1570-7458.2000.00706.x
http://dx.doi.org/10.1046/j.1570-7458.2001.00900.x
http://dx.doi.org/10.1046/j.1570-7458.2001.00900.x
http://dx.doi.org/10.1046/j.1570-7458.2001.00900.x
http://dx.doi.org/10.1016/0031-9422(88)80731-3
http://dx.doi.org/10.1016/0031-9422(88)80731-3
http://dx.doi.org/10.1146/annurev.en.03.010158.001411
http://dx.doi.org/10.1146/annurev.en.03.010158.001411
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1093/nar/29.9.e45
http://dx.doi.org/10.1104/pp.124.2.495
http://dx.doi.org/10.1104/pp.124.2.495
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1104/pp.115.1.137
http://dx.doi.org/10.1016/S1360-1385(99)01391-6
http://dx.doi.org/10.1016/S1360-1385(99)01391-6
http://dx.doi.org/10.1016/S1360-1385(99)01391-6
http://dx.doi.org/10.1016/0003-2697(82)90578-4
http://dx.doi.org/10.1016/0003-2697(82)90578-4
http://dx.doi.org/10.1016/j.sajb.2007.05.008
http://dx.doi.org/10.1016/j.sajb.2007.05.008
http://dx.doi.org/10.1016/j.sajb.2007.05.008

RESEARCH ARTICLE

Biology Open (2014) 3, 1116-1126 doi:10.1242/bi0.201410280

Saheed, S. A,, Cierlik, I, Larsson, K. A. E., Delp, G., Bradley, G., Jonsson, L. M. V.
and Botha, C. E. J. (2009). Stronger induction of callose deposition in barley by
Russian wheat aphid than bird cherry-oat aphid is not associated with differences
in callose synthase or p-1,3-glucanase transcript abundance. Physiol. Plant. 135,
150-161.

Schomburg, I., Chang, A. and Schomburg, D. (2002). BRENDA, enzyme data
and metabolic information. Nucleic Acids Res. 30, 47-49.

Sjolund, R. D. (1997). The phloem sieve element: A river runs through it. Plant
Cell 9, 1137-1146.

Smith, C. M. and Boyko, E. V. (2007). Mini Review: The molecular bases of plant
resistance and defence responses to aphid feeding: current status. Entomol.
Exp. Appl. 122, 1-16.

Smith, C. M., Schotzko, D. J., Zemetra, R. S. and Souza, E. J. (1992).
Categories of resistance in plant introductions of wheat resistant to the
Russian wheat aphid (Homoptera: Aphididae). J. Econ. Entomol. 85, 1480-
1484.

Smith, C. M., Boyko, E. V. and Starkey, S. (2005). Differential expression of
genes in wheat, Tritiucum aestivum L. controlling resistance to the Russian
wheat aphid, Diuraphis noxia (Mordvilko). IOBC-WPRS Bulletin 28, 11-20.

Smith, C. M,, Liu, X., Wang, L. J., Liu, X., Chen, M. S., Starkey, S. and Bai, J.
(2010). Aphid feeding activates expression of a transcriptome of oxylipin-based
defense signals in wheat involved in resistance to herbivory. J. Chem. Ecol. 36,
260-276.

Somogyi, M. (1952). Notes on sugar determination. J. Biol. Chem. 195, 19-23.

Swanevelder, Z. H. (2010). Aphid—Plant Interactions and the Possible Role of an
Endosymbiont in Aphid Biotype Development. PhD thesis, University of
Pretoria, South Africa, p. 275.

Thompson, G. A. and Goggin, F. L. (2006). Transcriptomics and functional
genomics of plant defence induction by phloem-feeding insects. J. Exp. Bot. 57,
755-766.

Thordal-Christensen, H., Zhang, Z. G., Wei, Y. D. and Collinge, D. B. (1997).
Subcellular localization of H,O, in plants. H,O, accumulation in papillae and
hypersensitive response during the barley-powdery mildew interaction. Plant
J. 11, 1187-1194.

Tolmay, V. L., Du Toit, F. and Smith, C. M. (2006). Registration of seven Russian
wheat aphid resistant near isogenic lines developed in South Africa. Crop Sci.
46, 478-480.

Unger, L. M. and Quisenberry, S. S. (1997). Effect of antibiotic plant resistance
on the reproductive fitness of the Russian wheat aphid (Homoptera: Aphididae).
J. Econ. Entomol. 90, 1697-1701.

van der Westhuizen, A. J. and Botha, F. C. (1993). Effect of the Russian wheat
aphid on the composition and synthesis of water soluble proteins in resistant
and susceptible wheat. J. Agron. Crop Sci. 170, 322-326.

van der Westhuizen, A. J., Qian, X. M. and Botha, A. M. (1998a). Differential
induction of apoplastic peroxidase and chitinase activities in susceptible and

1126

resistant wheat cultivars by Russian wheat aphid infestation. Plant Cell Rep. 18,
132-137.

van der Westhuizen, A. J., Qian, X. M. and Botha, A. M. (1998b). B-1,3-
glucanases in wheat and resistance to the Russian wheat aphid. Physiol. Plant.
103, 125-131.

van der Westhuizen, A. J., Qian, X. M., Wilding, M. and Botha, A. M. (2002).
Purification and immunocytochemical localization of a wheat B-1,3-glucanase
induced by Russian wheat aphid infestation. S. Afr. J. Sci. 98, 197-202.

Van Eck, L., Schultz, T., Leach, J. E., Scofield, S. R., Peairs, F. B., Botha, A. M.
and Lapitan, N. L. V. (2010). Virus-induced gene silencing of WRKY53 and an
inducible phenylalanine ammonia-lyase in wheat reduces aphid resistance.
Plant Biotechnol. J. 8, 1023-1032.

Venisse, J. S., Gullner, G. and Brisset, M. N. (2001). Evidence for the
involvement of an oxidative stress in the initiation of infection of pear by Erwinia
amylovora. Plant Physiol. 125, 2164-2172.

Vieira Dos Santos, C. and Rey, P. (2006). Plant thioredoxins are key actors in the
oxidative stress response. Trends Plant Sci. 11, 329-334.

Voelckel, C., Weisser, W. W. and Baldwin, I. T. (2004). An analysis of plant-aphid
interactions by different microarray hybridization strategies. Mol. Ecol. 13,3187-3195.

Wang, T., Quisenberry, S. S., Ni, X. and Tolmay, V. (2004a). Enzymatic
chlorophyll degradation in wheat near-isogenic lines elicited by cereal aphid
(Homoptera: Aphididae) feeding. J. Econ. Entomol. 97, 661-667.

Wang, T., Quisenberry, S. S., Ni, X. and Tolmay, V. (2004b). Aphid (Hemiptera:
Aphididae) resistance in wheat near-isogenic lines. J. Econ. Entomol. 97, 646-
653.

Weibull, J. and Niemeyer, H. M. (1995). Changes in dihydroxymethoxybenzoxazinone
glycoside content in wheat plants infected by three plant pathogenic fungi.
Physiol. Mol. Plant Pathol. 47, 201-212.

Will, T. and van Bel, A. J. E. (2006). Physical and chemical interactions between
aphids and plants. J. Exp. Bot. 57, 729-737.

Will, T., Tjallingii, W. F., Thonnessen, A. and van Bel, A. J. E. (2007). Molecular
sabotage of plant defense by aphid saliva. Proc. Natl. Acad. Sci. USA 104,
10536-10541.

Zaayman, D., Lapitan, N. L. V. and Botha, A. M. (2009). Dissimilar molecular
defense responses are elicited in Triticum aestivum after infestation by different
Diuraphis noxia biotypes. Physiol. Plant. 136, 209-222.

Zakharkin, S. O., Kim, K., Mehta, T., Chen, L., Barnes, S., Scheirer, K. E.,
Parrish, R. S., Allison, D. B. and Page, G. P. (2005). Sources of variation in
Affymetrix microarray experiments. BMC Bioinformatics 6, 214.

Zhang, Y., Quick, J. S. and Liu, S. (1998). Genetic variation in Pl 294994 wheat
for resistance to Russian wheat aphid. Crop Sci. 38, 527-530.

Zhu-Salzman, K., Bi, J. L. and Liu, T. X. (2005). Molecular strategies of plant
defence and insect counter-defence. Insect Sci. 12, 3-15.

Zieslin, N. and Ben-Zaken, R. (1991). Peroxidase, phenylalanine ammonia-lyase
and lignification in peduncles of rose flowers. Plant Physiol. Biochem. 29, 147-151.

c
o
ot

O
>
(o)

o

2

m



http://dx.doi.org/10.1111/j.1399-3054.2008.01180.x
http://dx.doi.org/10.1111/j.1399-3054.2008.01180.x
http://dx.doi.org/10.1111/j.1399-3054.2008.01180.x
http://dx.doi.org/10.1111/j.1399-3054.2008.01180.x
http://dx.doi.org/10.1111/j.1399-3054.2008.01180.x
http://dx.doi.org/10.1093/nar/30.1.47
http://dx.doi.org/10.1093/nar/30.1.47
http://dx.doi.org/10.1105/tpc.9.7.1137
http://dx.doi.org/10.1105/tpc.9.7.1137
http://dx.doi.org/10.1111/j.1570-7458.2006.00503.x
http://dx.doi.org/10.1111/j.1570-7458.2006.00503.x
http://dx.doi.org/10.1111/j.1570-7458.2006.00503.x
http://dx.doi.org/10.1007/s10886-010-9756-8
http://dx.doi.org/10.1007/s10886-010-9756-8
http://dx.doi.org/10.1007/s10886-010-9756-8
http://dx.doi.org/10.1007/s10886-010-9756-8
http://dx.doi.org/10.1093/jxb/erj135
http://dx.doi.org/10.1093/jxb/erj135
http://dx.doi.org/10.1093/jxb/erj135
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.1046/j.1365-313X.1997.11061187.x
http://dx.doi.org/10.2135/cropsci2004.0298
http://dx.doi.org/10.2135/cropsci2004.0298
http://dx.doi.org/10.2135/cropsci2004.0298
http://dx.doi.org/10.1111/j.1439-037X.1993.tb01091.x
http://dx.doi.org/10.1111/j.1439-037X.1993.tb01091.x
http://dx.doi.org/10.1111/j.1439-037X.1993.tb01091.x
http://dx.doi.org/10.1007/s002990050545
http://dx.doi.org/10.1007/s002990050545
http://dx.doi.org/10.1007/s002990050545
http://dx.doi.org/10.1007/s002990050545
http://dx.doi.org/10.1034/j.1399-3054.1998.1030115.x
http://dx.doi.org/10.1034/j.1399-3054.1998.1030115.x
http://dx.doi.org/10.1034/j.1399-3054.1998.1030115.x
http://dx.doi.org/10.1111/j.1467-7652.2010.00539.x
http://dx.doi.org/10.1111/j.1467-7652.2010.00539.x
http://dx.doi.org/10.1111/j.1467-7652.2010.00539.x
http://dx.doi.org/10.1111/j.1467-7652.2010.00539.x
http://dx.doi.org/10.1104/pp.125.4.2164
http://dx.doi.org/10.1104/pp.125.4.2164
http://dx.doi.org/10.1104/pp.125.4.2164
http://dx.doi.org/10.1016/j.tplants.2006.05.005
http://dx.doi.org/10.1016/j.tplants.2006.05.005
http://dx.doi.org/10.1111/j.1365-294X.2004.02297.x
http://dx.doi.org/10.1111/j.1365-294X.2004.02297.x
http://dx.doi.org/10.1603/0022-0493-97.2.661
http://dx.doi.org/10.1603/0022-0493-97.2.661
http://dx.doi.org/10.1603/0022-0493-97.2.661
http://dx.doi.org/10.1603/0022-0493-97.2.646
http://dx.doi.org/10.1603/0022-0493-97.2.646
http://dx.doi.org/10.1603/0022-0493-97.2.646
http://dx.doi.org/10.1006/pmpp.1995.1052
http://dx.doi.org/10.1006/pmpp.1995.1052
http://dx.doi.org/10.1006/pmpp.1995.1052
http://dx.doi.org/10.1093/jxb/erj089
http://dx.doi.org/10.1093/jxb/erj089
http://dx.doi.org/10.1073/pnas.0703535104
http://dx.doi.org/10.1073/pnas.0703535104
http://dx.doi.org/10.1073/pnas.0703535104
http://dx.doi.org/10.1111/j.1399-3054.2009.01232.x
http://dx.doi.org/10.1111/j.1399-3054.2009.01232.x
http://dx.doi.org/10.1111/j.1399-3054.2009.01232.x
http://dx.doi.org/10.1186/1471-2105-6-214
http://dx.doi.org/10.1186/1471-2105-6-214
http://dx.doi.org/10.1186/1471-2105-6-214
http://dx.doi.org/10.2135/cropsci1998.0011183X003800020042x
http://dx.doi.org/10.2135/cropsci1998.0011183X003800020042x
http://dx.doi.org/10.1111/j.1672-9609.2005.00002.x
http://dx.doi.org/10.1111/j.1672-9609.2005.00002.x

	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 32
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50
	Ref 51
	Ref 52
	Ref 53
	Ref 54
	Ref 55
	Ref 56
	Ref 57
	Ref 58
	Ref 59
	Ref 60
	Ref 61
	Ref 62
	Ref 63
	Ref 64
	Ref 65
	Ref 66
	Ref 67
	Ref 68
	Ref 69
	Ref 70
	Ref 71
	Ref 72
	Ref 73
	Ref 74
	Ref 75
	Ref 76
	Ref 77
	Ref 78
	Ref 79
	Ref 80
	Ref 81
	Ref 82
	Ref 83
	Ref 84
	Ref 85
	Ref 86
	Ref 87
	Ref 88
	Ref 89
	Ref 90
	Ref 91
	Ref 92
	Ref 93
	Ref 94
	Ref 95
	Ref 96
	Ref 97
	Ref 98
	Ref 99
	Ref 100
	Ref 101
	Ref 102
	Ref 103
	Ref 104
	Ref 105
	Ref 106
	Ref 107
	Ref 108
	Ref 109
	Ref 110
	Ref 111
	Ref 112
	Ref 113
	Ref 114
	Ref 115
	Ref 116
	Ref 117
	Ref 118
	Ref 119
	Ref 120
	Fig 8
	Fig 9
	Fig 10
	Table 1
	Table 2
	Table 3
	Table 4

