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Abstract 
The intimate relationship between an aphid and its host is mediated by the composition of the 
secreted saliva. In the present study, aphid heads were sampled and transcript profiling 
conducted after aphids were fed on their preference host and transferred to a variety of 
preference and nonpreference hosts. It was found that the virulent Diuraphis noxia 
(Kurdjumov) (Hemiptera: Aphididae) biotype SAM was able to selectively up-regulate more 
transcripts when confronted with feeding on a variety of hosts, than was the case with the less 
virulent D. noxia biotype SA1, suggesting increased genomic regulation when coping with a 
stressful environment. Collectively, the observed transcriptomic changes are supported by 
previous findings that host changes induce significant changes in the proteome of 
phytophagous hemipterans, unlike in many other entomopha- gous generalist species. The 
current data suggest that highly specialized hemipterans may be able to counter plant 
defenses with inducible salivary transcripts with resulting protein biosynthesis, as 
demonstrated here. 

Key words: plant-insect interaction, Russian wheat aphid, Diuraphis noxia, cDNA-AFLP, salivary expression 
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Phloem-feeding aphids represent the largest group of insect pests (~4,700 species) owing to their enormous 
reproductive potential (Davis 2012). This is also true in the case of Diuraphis noxia (Kurdjumov) (Hemiptera: 
Aphididae), with reports of economic losses amounting to roughly US$800 million over a period of 10 yr in 
the United States alone (not accounting for other predominantly affected regions, i.e., Argentina and South 
Africa; Morrison and Peairs 1998). Aphids have evolved a more intimate association with their plant hosts 
than herbivorous insects and elicit the expression of plant genes more commonly associated with bacterial and 
fungal pathogen attack (Moran and Thompson 2001; Boyko et al. 2006; Botha et al. 2010, 2014a,b; Smith et al. 
2010).

Resistant wheat varieties activate an arsenal of defensive pathways upon feeding by Diuraphis noxia 
defined by the presence of Dn (Diuraphis noxia) genes that confers resistance against D. noxia (Botha et al. 
2014a). Aphids feeding on wheat containing these genes evoke resistant responses, phenotypically categorized 
by evaluating both host and aphid, manifesting as either antibiosis, where the plant reduces the reproductive 
fitness of aphids feeding on it; tolerance, which is seen as a lack of plant biomass reduction despite continuous 
feeding; or antixenosis, the nonpreference of a cultivar as host (Painter 1951, 1958; Smith et al. 1992; Unger and
Quisenberry 1997). Resistant cultivars may exhibit combinations of these categories of resistance (Smith et al. 
1992, Haile et al. 1999), and the genetic background in which a specific Dn gene is bred also plays a role in the 
successful establishment of a resistant phenotype (Van der Westhuizen et al. 1998a,b). The interaction between 
wheat (Triticum aestivum L.) and D. noxia has been of major interest to researchers in the field of biotic plant 
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resistance, particularly the identity and function of D. noxia effectors and wheat Dn resistance genes.
For susceptible wheat varieties, feeding of D. noxia causes chlorotic and longitudinal streaking in addition 

to rolling of the wheat leaf. Consequently, susceptible wheat leaves exhibit head trapping and reduced leaf 
chlorophyll content, leading to a lowered photosynthetic capacity (Burd and Burton 1992; Burd and Elliott 
1996; Heng-Moss et al. 2003; Wang et al. 2004a,b; Botha et al. 2006). Under extreme levels of D. noxia 
infestation the biochemical stress, experienced by these plants, associated with feeding may lead to premature 
death (Fouche et al. 1984, Walters et al. 1980). Until the early 2000s, it was believed that the phenotypic 
symptoms experienced by D. noxia-infested wheat were the result of an injected phytotoxin presumed 
responsible for chloroplast disintegration and later due to viral infection (Von Wechmar and Rybicki 1981).
However, this belief has been refuted, as no phytotoxic effector has ever been isolated or characterized, nor 
has the presence of plant viruses in D. noxia ever been confirmed (Gilchrist et al. 1984, Kovalev et al. 1991, 
Botha et al. 2010).

In a study to determine the composition of D. noxia effectors, purified extracts (i.e., proteins and 
carbohydrates respectively extracted from complete aphids) were injected into healthy susceptible plants to 
visualize phenotypic responses expressed in the host normally associated with D. noxia feeding (Lapitan et al. 
2007a). The authors found that leaf rolling and the induction of pathogenesis related (PR) proteins associated 
with D. noxia feeding could only be induced after an injection with the protein extract, suggesting that the 
effector was proteinaceous in composition (Lapitan et al. 2007a). In a followup study, salivary glands from D. 
noxia were isolated, protein extracted, and purified on high performance liquid chromatography (HPLC; 
100x). The purified protein extracts were then injected into susceptible and resistant wheat varieties, where 
after the host‟s responses were phenotypically and biochemically assessed. Observations confirmed that the 
effector was a protein compound ~58kDa in size and originated from the salivary glands (Van Zyl 2007, Van 
Zyl and Botha 2008). In Myzus persicae (Sulzer, green peach aphid) (Hemiptera:Aphididae), studies have also 
demonstrated that salivary components of M. persicae contains proteinaceous effectors (3-10 kDa in size) that 
induced defense responses in Arabidopsis thaliana (De Vos andJander 2009, Bos et al. 2010).

Multiple studies have focussed on elucidating the effectors present in aphid-plant interactions. A study 
performed by Bos et al. (2010) attempted to elucidate effector proteins from M. persicae through an elaborate 
study of thousands of expressed sequence tags (ESTs), which included both the in silico characterization of 
possible effectors and their subsequent over expression within Nicotiana ben- thamiana. Although they were 
able to identify a few elicitors that suppressed certain aphid targeted defense responses, they were unable to 
conclusively identify a specific effector responsible for the detection of M. persicae. A possible reason for this 
may include the fact that no single effector is responsible for the detection of an aphid feeding on a host, but 
rather that a combination of effectors (such as C002 and flg22; Felix et al. 1999; Mutti et al. 2006, 2008) may be 
used by a host plant to identify aphid feeding.

A recent study illustrated that salivary proteins from Diuraphis sp. are similar when aphids were fed on 
artificial diets (Cooper et al. 2011), and that there was little comparison when compared to two other aphid 
species. Several issues regarding the use of artificial diets to study salivary composition have been raised 
(Miles 1999), and studies have shown that aphids fed on a variety of artificial diets produce different enzymes 
at varying levels (Habibi et al. 2001). This limits the usefulness of artificial diets to characterize genes induced 
in aphids when confronted with a specific R-gene within the varied genetic background of most commercial 
crops. Another shortcoming was the use of mass spectrometry for the identification of proteins, as results 
obtained are generally biased to known proteins of which there are relatively few when considering aphid 
elicitors. Therefore, the objective of this study was first, to conduct cDNA-AFLP transcript profiling to 
visualize the extent of altered transcription induced in D. noxia when confronted with feeding on a variety of 
hosts containing different resistance Dn genes, and second, to survey selective transcripts that were induced or 
suppressed during feeding in response to hosts with varying genetic backgrounds or source of resistance.

Materials and Methods 

Aphid Colonies 

Diuraphis noxia biotypes used during the study included SA1 and SAM, which were reared in insect 
BugDorm Insect cages (MegaView Science Co. Ltd, Taiwan) at 20 6 2 0C to prevent crosscontamination with 
continuous artificial fluorescent lighting as described in Botha et al. (2014a) (Supp. File 1 [online only]).
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Plant Material 

The differential set used amounted to a total of 16 varieties and consisted of hexaploid wheat (Triticum 

aestivum L.) germplasm of the near-isogenic lines (NILs) Tugela, Tugela-Dn! (Tugela*4/SA1684), Tugela-Dn2 
(Tugela*4/SA2199), and Tugela-Dn5 (Tugela*4/ SA463); Betta, Betta-Dn! (Betta*4/SA1684), Betta-Dn2 
(Betta*4/ SA2199), and Betta-Dn9; Karee and Karee-Dn8 were obtained from the Small Grain Institute, 
Bethlehem, South Africa (Du Toit 1988, Marais and Du Toit 1993, Liu et al. 2001, Tolmay et al. 2006). While 
NILs Gamtoos-S and Gamtoos-R (Dn7), SA2199 (Dn2), and W861 (Dn7) came from the Stellenbosch 
Germplasm Collection (Marais et al. 1994, Anderson et al. 2003, Lapitan et al. 2007b). Near isogenic lines Yuma 
and Yumar (Dn4) (Saidi and Quick 1996, Haley et al. 2004) were kindly provided by Prof C.M. Smith 
(Department of Entomology, Kansas State University, Manhattan, Kansas). Seeds were sown into five pots for 
each cultivar and thinned to three seedlings per pot after 5 d. Plants were grown for 31 d (5-6 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 20 6 2 0C (Supp. File 1 [online only]).

Aphid Virulence Screening 

The virulence profile (VP) of each D. noxia biotype was determined using the disease phenotypes (i.e., leaf 
rolling, chlorotic streaking, and death scores) of the plants over a period of 6 wk. Plants were incubated in 
BugDorm Insect cages to prevent cross-contamination at 20 6 2 0C with continuous artificial fluorescent 
lighting. Individual plants were infested with 10 apterous D. noxia adults (biotype SA1 or SAM) and 
incubated for 6 wk during which their scores were determined (Weiland et al. 2008, Botha et al. 2014a; Supp. 
File 1 [online only]).

Experimental Lay-Out and Aphid Head Sampling 

Aptera D. noxia adults were reared under normal greenhouse conditions at 20 6 2 0C on their preference hosts 
(i.e., Tugela for D. noxia biotype SA1 and Tugela-Dn! for D. noxia biotype SAM), where after they were 
carefully removed (by use of a fine camel hair brush) and placed at 4 0C for 1 h to decrease metabolic activity 
and induce starvation. After the 1-h cold treatment, the aphids (n = 960) were carefully placed on the wheat 
differential set to feed, where after aphids (n = 30, 3 replicates of 10) were collected for RNA extraction after 
feeding periods of 4 and 48 h, respectively. Aphid heads were dissected using a sterile hypodermic needle 
(precooled in liquid nitrogen) and transferred directly to liquid nitrogen and stored at —800C until RNA 
extraction could be performed. Controls for cDNA-AFLP analysis included aphids obtained directly from the 
stock population (i.e., did not undergo cold treatment) and designated as 0 h samples and fridge controls 
(aphids that had been collected from stock populations and placed at 40C for 1 h where after heads were 
dissected). 

Total RNA Extraction and cDNA Synthesis 
Laboratory equipment and solutions used during RNA extractions were pretreated as described by Sambrook 
et al. (1989). Collected aphid heads were pooled and ground in liquid nitrogen with the use of a sterile micro 
pestle. RNA extraction of samples were performed using the Qiagen RNeasy kit (Plant tissue protocol; Qiagen, 
Limburg, Netherlands) as per manufacturer‟s instructions.

Double-stranded cDNA was synthesized from each sample making use of the Roche cDNA synthesis 
system (Roche Life Sciences, Indianapolis, USA) with 100ng total RNA as template. The manufacturer‟s 
guidelines were followed, except that half of the suggested volumes were used. Quantification of RNA and 
synthesized cDNA was achieved through use of the NanoDrop ND-1000 spectrophotometer v3.0.1 (Supp. File 
1 [online only]).

cDNA-AFLP Profiling and Transcript-Derived Fragment (TDF) Identification 

cDNA-amplified fragment length polymorphisms (cDNA-AFLP) analysis was carried out as originally 
described by Bachem et al. (1996), using the AFLP Expression Analysis Kit (Li-Cor, Lincoln, USA) with some 
adjustments (Zaayman et al. 2009).

Selective PCR amplifications were carried out with 64 TaqI/ Msel (+2/+2) primer combinations using the 

0h control samples of both D. noxia biotypes SA1 and SAM to screen for the most informative primer set (Ps) 
combinations, namely, MTG/TGT (Ps2), MTG/ TCA (Ps3), and MGA/TGA (Ps4).

Samples were then mixed with 5 pl loading dye and resolved on 8% denaturing polyacrylamide gels (8% 
Long Ranger gel solution [Lonza, Basel, Switzerland], 7.0 M urea and 0.8 x TBE consisting of 71.2mM Tris, 
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71.2mM boric acid and 1.6mM EDTA) on the Li- Cor DNA analyzer 4200S (at 1,500 V and 45 °C). Images 
generated on the Li-Cor DNA analyzer during electrophoresis were used to calculate band intensities of 
fragments judged to be differentially expressed, using Sequentix‟s GelQuest v3.2.1 program (available from 
http://www.sequentix.de/gelquest/download.php, accessed 17 January 2017; Supp. File 1 [online only]).

Fragment Isolation, Cloning, and Identification of Differentially Expressed Transcripts 

Selected fragments (n = 150) showing significant differential expression between the treatments (only selecting 
unambiguous bands, and based on band presence/absence and difference in intensity) were subsequently 
isolated, cloned, and sequenced for putative identification as was performed previously (Zaayman et al. 2009). 
Transformants were screened by colony PCR to confirm the presence of inserts (Giissow and Clackson 1989). 
Samples successfully cloned (confirmed by colony PCR) were sequenced by Inqaba biotech (Pretoria, South 
Africa; Supp. File 1 [online only]).

Clustering and Data Analysis 

The resulting band intensities were first normalized using the Cluster program (Eisen et al. 1998, available 
from http://rana.lbl. gov/EisenSoftware.htm), with mean-centering applying Spearman‟s rank correlation. A 
cluster image of the differentially expressed fragments that share similar expression patterns was generated 
with Java TreeView (Saldanha 2004, available from http://jtreeview.sour ceforge.net/) and statistical analyses 
were performed as previously reported (Zaayman et al. 2009; Supp. File 1 [online only]). 

Functional Annotation 

Sequences obtained from Sanger sequencing were screened for vector contamination using the NCBI‟s 
VecScreen tool (available from http://www.ncbi.nlm.nih.gov/tools/vecscreen/, accessed 17 January 2017) 
after which contaminating vector and low-quality sequences were removed using the FinchTV v1.4 program 
(available from http:// www.geospiza.com/ftvdlinfo.html, accessed 17 January 2017). Sequences were 
assigned identity by making use of the BLASTx tool (Altschul et al. 1990) and then functionally annotated 
through use of the BLAST2GO application (Conesa et al. 2005, available from https://www.blast2go.com/, 
accessed 17 January 2017).

Results 

Virulence Screening 

Phenotypic assessment of the 16 cultivars over a period of 6 wk after infestation with D. noxia biotype SAM 
under greenhouse conditions, revealed a significant breakdown of resistance in plant genotypes that were 
previously reported as D. noxia-resistant cultivars (http:// www.arc.agric.za/arc-sgi/Pages/ARC-SGI-
Homepage.aspx, accessed 17 January 2017; Table 1; Fig. 1). Diuraphis noxia biotype SA1 only expressed 
virulence against the susceptible wheat varieties as previously reported (Tolmay et al. 2006, Jankielsohn 2011). 
The antixe- notic cultivars containing the Dn5 and Dn7 gene expressed the highest level of resistance against 
D. noxia biotype SAM and had a virulence score (VS) of 9/10 after the 6-wk screening period, but was still 
classified susceptible according to its virulence profile (VP), confirming the results of a previous study 
performed by Botha et al. (2014a) All the other cultivars had expressed VSs of 10 and were classified as suscep-
tible to feeding by D. noxia biotype SAM, including plants containing resistance genes (i.e., Dnl, Dn2, Dn4, 

Dn8, and Dn9).

Profiling of Transcripts in Aphid Biotypes After Feeding 

Visual assessment of the resulting profiles indicated significant changes in the expression profiles obtained 

from heads, both within (Supp. Fig. 1 [online only]) and between, D. noxia biotypes, suggesting major 
changes in the salivary glands constituents. Further analysis of cDNA-AFLP patterns among the D. noxia 
biotype x plant genotype combinations (Supp. Table 1 [online only]) using the three different enzyme-primer 
combinations yielded ~10,573 TDFs. Of these, 58.37% of the TDFs did not exhibit any significant change from 
the 0 h post infestation (hpi) control values (i.e., Tugela [0 hpi] for D. noxia biotype SA1 and Tugela-Dnl [0 
hpi] for SAM) at P < 0.05 in expression across the treatments, that resulted in a total of 7,749 informative bins.

The average expression levels of all the TDFs were calculated and presented (Fig. 2). When a comparison 
was drawn between the relative expression (as measured in band intensities after normalization) of transcripts 
between D. noxia biotypes SA1 and SAM after feeding on the wheat differential set, it was apparent that  
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Fig. 1. Photos of selected cultivars after 3 wk ofvirulence screening with Diuraphis noxia biotype SAM illustrating variations in phenotypic symptoms associated with susceptibility. 

(A.1 and A.2) Triticum aestivum cv. Betta Dn9 leaves with slight chlorotic streaking; (B.1 and B.2) Triticum aestivum cv. Karee Dn8 leaves with moderate chlorotic streaking 

andsignsof leaf rolling; (C.1 and C.2) Triticum aestivum cv. Karee with severe leaf rollingand chlorotic streaking. 

Fig. 2. Overall relative expression oftranscripts measured in Diuraphis noxia (RWA) biotypes SA1 and SAM after feeding on16 different wheat lines. 
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Table 1. Virulence profile (VP) of the two Diuraphis noxia biotypes (SA1 and SAM) based on chlorosis, streaking, leaf rolling (LR), and virulence 

scores (VS) 

Aphid biotype** Host genotype  

Host response to feeding 
 Host virulence profile**

Streaking** Leaf rolling** Chlorosis Aphid fertility** Virulence score**

SA1 Tugela V V 3 >50 9/10 S 
SAM Tugela V V 4 >50 10 S

SA1 Tugela-Dnla □ □ 1 <20 1/2 R

SAM Tugela-Dnl V V 4 >50 10 S 
SA1 Tugela-Dn2b □ □ 1 >35 1 R

SAM Tugela-Dn2 V V 3 >50 10 S

SA1 Tugela-Dn5c □ □ 1 <20 1 R

SAM Tugela-Dn5 V V 3 >50 9/10 S 
SA1 Betta V V 3 >50 9/10 S 
SAM Betta V V 4 >50 10 S 
SA1 Betta-Dnla □ □ 1 <20 1/2 R

SAM Betta-Dn! V V 4 >50 10 S 
SA1 Betta-Dn2b □ □ 1 >35 1 R

SAM Betta-Dn2 V V 3 >50 10 S 
SA1 Betta-Dn9 □ □ 1 <20 1 R

SAM Betta-Dn9 V V 3 >50 9/10 S 
SA1 Karee V V 3 >50 9/10 S 
SAM Karee V V 4 >50 10 S 
SA1 Karee-Dn8 V V 3 <20 1/2 R

SAM Karee-Dn8 V V 4 >50 10 S 
SA1 Yuma □ □ 1 <20 1/2 R

SAM Yuma V V 4 >50 10 S 
SA1 Yumar (Dn4)d □ □ 1 <20 1/2 R

SAM Yumar (Dn4)d V V 4 >50 10 S 
SA1 Gamtoos V V 3 >50 9/10 S 
SAM Gamtoos V V 4 >50 10 S 
SA1 Gamtoos-R (Dn7)e □ □ 1 <20 1/2 R

SAM Gamtoos-R (Dn7)e V V 4 >50 9/10 S 
SA1 W861 (Dn7)e □ □ 1 <20 1/2 R

SAM W861 (Dn7)e V V 4 >50 9/10 S 
SA1 SA2199 (Dn2) □ □ 1 >35 1 R

SAM SA2199 (Dn2) V V 3 >50 9/10 S

For streaking and leaf rolling: V = visible, □ = none visible. For chlorosis: 1 = 20% or less chlorosis per leaf and 4 = 100% chlorosis (dead leaf/tissue). Aphid fertility is 

presented as number of aphids. Virulence score and Virulence profile is resistant (R) = 1-3; intermediate (I) = 4-6; and susceptible (S) = 7-10 (Weiland et al. 2008; n = 30). 

** = significant at P < 0.05. 

aDu Toit (1987) (PI 137739, „Gandum I Fasai‟). 

bDu Toit (1988) (PI 262660, „Turtsikum‟). 

cMarais and Du Toit (1993) (PI 294994, „Strelinskaya Mestnaya‟). 

dSaidi and Quick (1996). 

eMarais et al. (1993). 

transcripts were mostly up-regulated in the D. noxia biotype SAM, while they were mostly down-regulated in 
D. noxia biotype SA1. The only exceptions to this trend were similar levels in expression observed in both  

biotypes after feeding on Tugela-Dnl 4hpi, and similar trends in expression after feeding on Tugela-Dnl 48 hpi, 
Tugela-Dn2 48 hpi, Yuma 4 hpi, Gamtoos-S 4 hpi, W861-Dn7 4 hpi and 48 hpi, and Betta-Dn9 4 hpi and 48 hpi. 
The only measured instances where transcripts were down-regulated in D. noxia biotype SAM samples, but 
not in D. noxia biotype SA1 samples, were after feeding on Tugela 4 hpi, Karee 4 hpi, and Gamtoos-R 48 hpi. 

Cluster Analysis 
The 7,749 bins found to display significant differential expression were clustered into groups of transcripts 
that share similar expression patterns (Fig. 3). Cluster analysis of the TDFs revealed two major clusters and 
two arrays indicated as Clusters 1 and 2, and Arrays 1 and 2. The profiles obtained from D. noxia biotype SA1 
all grouped together in cluster 1, while all those obtained from D. noxia biotype SAM grouped together in 
cluster 2 irrespective of the host cultivars and time points.

Cluster 1 formed subclusters (1A, 1Bi, and 1Bii) where groupings formed predominantly according to host 
genotype and not by the presence/absence of specific Dn genes within the host. Time of sampling did not 
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Fig. 3. Cluster image generated by Java TreeView (Saldanha 2004). Red bands show up-regulated transcripts, whereas green bands show down-regulated transcripts, relativeto 0 

hpi feeding on preference hosts (controls). 
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follow any strict grouping, as 4 hpi and 48 hpi samples were spread out evenly between the clusters.
Cluster 2 also displayed subclusters (2A, 2Bi, and 2Bii) but groups formed according to the time point of 

sampling irrespective of the host genotype, or the presence/absence of Dn genes within the host. The only 
exception to this was for D. noxia samples Karee Dn8 48 hpi and Betta Dn9 48 hpi. Diuraphis noxia samples 
from all genotypes were spread across clusters 2A, 2Bi, and 2Bii, which also proved true for the different Dn 
genes. Interestingly, the D. noxia biotype SAM Gamtoos-R 48 hpi sample was the only sample that did not 
form part of a sub cluster and showed the least number of TDFs experiencing significant differential 
expression.

Hierarchical clustering of the samples also produced two arrays. In array 1, TDFs obtained from D. noxia 
biotype SA1 (cluster 1) were mostly down-regulated as a result of the host shifts while the TDFs from D. noxia 
SAM (cluster 2) showed a general up- regulation. In array 2, cluster 1 possessed a wider array of TDFs dif-
ferentially expressed than when comparing them to cluster 2.

Most of the D. noxia biotype SA1 samples that were obtained 4 hpi from susceptible cultivars (i.e., no Dn 
gene present) did not group with their NILs that contained Dn genes, with the only exception being the D. 
noxia biotype SA1 sample obtained from Gamtoos-S 4 hpi. The D. noxia biotype SA1 samples that were col-
lected at 48 hpi from susceptible cultivars grouped with NILs that contained a Dn gene, while the only 
exception was Gamtoos-S 48 hpi which grouped with Betta 4 hpi. 

Excision and Identification of Transcripts 
Following the cDNA-AFLP analysis approach, we were able to excise and sequence characterize 41 

differentially regulated TDFs (Supp. Table 2 [online only]). After the sequences were obtained, putative 
identities were assigned to the clones using BLAST2GO (Conesa et al. 2005). Only one of the sequences had no 
corresponding BLAST match and was therefore completely unknown (Supp. Fig. 2 [online only]), while 31.7% 
produced significant Blast hits without assigned gene ontology (GO) function and 65.8% showed similarity to 
well characterized sequences in NCBI (http://www. ncbi.nlm.nih.gov/Blast.cgi, accessed 17 January 2017) 
with matches to the GO database. Based on the putative functions of the transcripts inferred by similarity, the 
TDFs were assigned to broad functional GO categories (Supp. Fig. 3 [online only]). These included amino acid 
synthesis (12%), cellular homeostasis (23%), lipid and fatty acid metabolism (24%), and the largest group being 
energy metabolism associated (41%). The functional categories were further refined into groups with 
associated pathways and enzymatic groupings (Supp. Fig. 3B and C [online only]). These included the 
following: biotin metabolism, fatty acid metabolism, ascorbate and aldarate metabolism, biosynthesis of 
unsaturated fatty acids; pentose phosphate pathway, glutathione metabolism, sphingolipid metabolism, 
glycine, serine and threonine metabolism, and methane metabolism, with most transcripts falling into the 
amino sugar and nucleotide sugar metabolism groups. The TDFs of interest to this study included transcripts 
with suggested detoxification properties and involved in apoptosis (e.g., laccase 2, cullin-3, 6-
phosphogluconate decarboxylating, sphingomyelin phosphodiesterase, midnolin) and transcripts involved in 
membrane function and transport (e.g., proton-associated sugar transporter a-like, monocarboxylate 
transporter, collagen alpha-1 partial, transmembrane protein mitochondrial isoform x2, acidic mammalian 
chitinase-like; Supp. Table 2 [online only]). 

Discussion 

The intimate relationship between an aphid and its host is mediated by the secretion of abundant amounts of 
saliva during all the stages of feeding, including probing and ingestion (Will et al. 2013). Two types of saliva 
are secreted during feeding, the “sheath saliva”— once secreted, although initially in liquid form, hardens 
around the stylet to form a path in the plant cells and remains in the plant; and the second form that remains 
as a liquid to facilitate feeding—known as “watery saliva.” Previous studies suggested four phases of salivary 
secretion: namely, intercellular sheath secretion; followed by the intracellular salivation into cells along the 
stylet path; then phloem salivation into sieve elements; and lastly, phloem feeding salivation i.e., feeding 
interspersed with sporadic periods of salivation (Martin et al. 1997, Tjallingii 2006).

The composition of aphid saliva and the specific functions of certain salivary proteins have become clear 
only recently, driven primarily by the increase in available genomic resources for aphids, particularly the 
sequenced genome of the pea aphid Acyrthosiphon pisum (Harris) (International Aphid Genome Consortium 
2010). Salivary gland EST libraries for A. pisum and the green peach aphid M. persicae have been exploited to 
provide candidate salivary proteins (Mutti et al. 2006, Bos et al. 2010, Carolan et al. 2011). Subsequent 
characterisation of a number of these proteins in these and other aphid species have indicated their 
importance in facilitating the plant-aphid interaction (Habibi et al. 2001, Harmel et al. 2008, Mutti et al. 2008, 
Carolan et al. 2009, Cooper et al. 2011, Nicholson et al. 2012, Roa et al. 2013). However, most of these studies 
made use of artificial diets during harvesting of salivary proteins in vitro, posing the question to what extent 
the published data represents the actual in vivo and real-time salivary composition. As the aphid‟s salivary 
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glands (through means of excreted saliva), the stylet (through physical penetration) and the gut (through 
means of digestion) are the only components molecularly interacting with the host, they would represent as 
viable targets for studying aphid-plant interactions. The use of severed heads would exclude any regulatory 
changes experienced by the gut, as only the stylet and salivary glands would be present. Aphid stylets can be 
considered to be inert, as sheath saliva is excreted (Tjallingii 2006) to create a path to the feeding site, thus 
enveloping the stylet and separating it physically from its host. As aphids are believed to alter their salivary 
composition when faced with varied diets, be they artificial or natural (Miles 1999, Habibi et al. 2001), it can be 
expected that transcription rates within salivary glands would be substantial. Thus, it was deemed plausible 
that most, if not all, observed changes in expression obtained from whole heads would represent changes in 
salivary gland transcription.

From the cluster analysis, it was clear that D. noxia biotype SA1 (cluster 1 in Fig. 3) grouped predominantly 
according to host genotype, regardless of the presence of any Dn gene. This has some interesting implications 
for future breeding programmes wanting to introduce known Dn genes into different cultivars, as it appears 
that the genotypic background plays a significant role in the composition of the salivary transcriptome of less 
virulent aphids, i.e., those who cannot escape detection by the host, no matter what Dn gene it is faced with. 
This is in agreement with the combined findings of Heng-Moss et al. (2003) and Botha et al. (2006) where the 
introduction of the Dnl gene into two different cultivars resulted in a varied ability to protect the respective 
plants from aphid mediated chlorophyll loss.

The time points sampled were specifically chosen to coincide with the defensive responses of wheat when 
faced with a biotic stressor (Botha et al. 2006, 2010). The 4-h time point sampling corresponds with induction 
of the hypersensitive response (HR) in wheat, activated by effectors in a naive host (as reviewed in Martin et 
al. 2003). The 48-h time point was selected as this overlaps with the induction of systemic acquired resistance 
(including the expression of PR proteins) and production of secondary metabolites (Botha et al. 1998). The low 
virulence of D. noxia biotype SA1 may explain why 48 hpi samples obtained from susceptible cultivars 
clustered with NILs containing Dn genes, with the exception of samples obtained from the Gamtoos genotype. 
This implies that although D. noxia biotype SA1 is able to escape early detection in susceptible hosts, it will 
eventually experience a similar host environment as that of a Dn containing host (assuming that similarities in 
salivary expression is a measure for the defense response experienced by the aphid) as defense responses 
mediated by the host will be genotype specific (Van der Westhuizen et al. 1998a,b). Interestingly, 48 hpi 
samples from the host cultivars Tugela and Betta also grouped with 4 hpi samples fed on Dn gene containing 
NILs. This may illustrate part of the role that Dn genes plays within host defense through early detection of 
effector recognition, and thus the initiation of an earlier and more effective defense response.

For the laboratory-evolved D. noxia biotype SAM, the clustering of different samples were based on the 
time of sampling, with the exception of Gamtoos-R 48 hpi. The clustering of samples from the same time point 
from different genetic backgrounds, and with different Dn genes, illustrates that the only shared characteristic 
affecting the salivary transcriptome composition for biotype SAM, is that of generalized host defense 
responses launched (either HR or SAR) in response to any damage as is the case, for example, when faced with 
mechanical wounding (Van der Westhuizen et al. 1998a,b). Seemingly, biotype SAM escapes detection from 
resistant hosts, as it displays a comparable clustering configuration as D. noxia biotype SA1 4 hpi after feeding 
on susceptible cultivars, in that there is no association in the clustering of samples in regards to host genotype 
or by the type of Dn gene present. This again supports findings of the study conducted by Botha et al. (2014a) 
where the defense response (measured in enzyme activity) in Dn-containing hosts fed on by D. noxia biotype 
SAM was similar to that of susceptible NIL hosts that were fed on by biotype SA1.

The fact that D. noxia samples from both biotypes SA1 and SAM obtained from the Gamtoos genotype 
clustered differently than samples obtained from other genotypes can be explained by the mosaic nature of the 
Gamtoos genotype‟s parentage. The Gamtoos cultivar was established through a crossing of the Mexican 
spring wheat cultivar and the German winter wheat cultivar Kavkaz, that contains a rye translocation, and 
included rust resistant genes Sr31 and Lr26 (as reviewed in Lapitan et al. 2007b). The Gamtoos-R cul- tivar 
was then established through an additional rye chromosomal translocation from a Turkish cultivar (Marais et 
al. 1994). This varied geographical background may explain the altered salivary tran- scriptomes of D. noxia 
biotypes. The presence of the rust resistance genes alone would dramatically change the host environment as 
previous studies have hinted to the increase in D. noxia resistance by wheat cultivars in possession of 
pathogen resistance genes (Boyko et al. 2006, van Eck et al. 2010).

The naivety of the host being fed on, in regards to previous aphid infestation, also has a significant effect 
on the salivary transcriptome of the aphid. This can be concluded from D. noxia biotype SA1 samples Tugela 4 
hpi and 48 hpi and D. noxia SAM sample Tugela Dnl 4 hpi and 48 hpi that showed significant altered 
regulation when moved from the stock colonies (i.e., Tugela for SA1 and Tugela Dnl for SAM). This provides 
molecular evidence that is in agreement with previous studies that have reported on the varied conditioning 
effects (mostly through aphid host choice and fecundity) present in plants that have undergone aphid 
infestation (Formusoh et al. 1992, Messina et al. 2002, Qureshi and Michaud 2005).

Most of the transcripts found in the present study were reported earlier in the salivary proteome of 
hemipterans (i.e., detoxifying and membrane associated defense transcripts, e.g., p-galactosidase, glucose 
dehydrogenases, chitinases; Nicholson et al. 2012, Roa et al. 2013), while transcripts not previously reported in 
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this group included midnolin and sphinomyelinase. The role of midnolin-like proteins in insects is unclear, 
although it has been reported in the salivary glands of the frog biting fly, Corethrella appendiculata (Ribeiro 
et al. 2014), but it is thought to be important in cellular signalling of mammalian adult tissues where it is 
suggested to regulate glucokinase enzyme activity in pancreatic beta cells in an attempt to regulate cellular 
homeostasis (Hofmeister-Brix et al. 2013).

Sphingolipids are nearly ubiquitous constituents of membranes in most living organisms (Merrill and 
Sweeley 1996) and located predominantly in the outer leaflet of the plasma membrane and modulate cell 
behaviour at both the level of cell-surface receptors and intracellular signal transduction. Known functions 
include mediation of interactions between cells and the extracellular matrix, cell-cell communication and 
diverse functions of the immune system. However, some are also found intercellularly which participate in 
signal transduction events such as, regulation of cell growth and differentiation, differentiated cell functions 
(such as responses to cytokines) and programmed cell death (apoptosis). Sphingolipids are released from cells 
by either secretion or shedding; membrane internalization, recycling, and degradation; and hydrolysis to 
release bioactive products that participate in cell signalling (Merrill and Jones 1990). The sphingomyelin 
phosphodiesterase (EC 3.1.4.12, neutral sphingomyelinase or SMase) is a hydrolase enzyme belonging to the 
DNasel superfamily of enzymes and is responsible for breaking sphingomyelin down into phosphocholine 
and ceramide. The activation of SMase has been suggested as a major route for the production of ceramide in 
response to cellular stresses (Hannun and Obeid 2002). Sphingomyelin phosphodiesterase has been found to 
be highly upregulated in Anopheles gambiae (Diptera:Culicidae) saliva undergoing desiccation stress (Wang 
et al. 2011), while transcripts coding for sphingolipid metabolism were upregulated in Aphis gossypii 
(Hemiptera:Aphididae) resistant to thiamethoxam (Pan et al. 2015). In Schizaphis graminum 
(Hemiptera:Aphididae) a sphingolipid (StAR-related protein) was found to be upregulated when comparing 
the overall proteome of a highly virulent biotype relative to that of other lower virulent biotypes (Pinheiro et 
al. 2014).

In the present study, aphid heads were harvested and transcript profiling conducted after aphids were fed 
on their preference host and transferred to a variety of preference and nonpreference hosts. It was found that 
the virulent D. noxia biotype SAM was able to selectively up-regulate more transcripts when confronted with 
feeding on a naive host, than was the case with the less virulent D. noxia biotype SA1, suggesting increased 
genomic regulation when coping with a stressful or changing environment (Fig. 2). Further supporting 
evidence for this notion came from an observation that unlike for the lesser virulent D. noxia biotype SA1, the 
more virulent D. noxia biotype SAM was seemingly able to avoid detection by its host (Botha et al. 2014a). 
Collectively the observed results support earlier observations that changes in the host induced significant 
changes in the proteome of phytophagous hemipterans, unlike in many other entomophagous generalist 
species [e.g., spined soldier bug Podisus maculiventris (Say) (Hemiptera:Pentatomidae); Habibi et al. 2001], 
thus motivating the use of similarities in salivary expression, between different biotypes feeding on different 
hosts, to elucidate similarities in host environment in regards to the effect of defense responses. The data 
generated here suggest that highly specialized hemipterans possesses the ability to regulate their salivary 
transcrip- tome in a real-time fashion to adapt to their feeding environment, thus countering plant compounds 
through inducible salivary transcripts with resulting protein biosynthesis.
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