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had functions related to sucrose metabolic processes. In cluster 7 (1169 genes), genes were deactivated only in 
WCM-infested Settler CL, and these genes had functions related to carbohydrate catabolic process, polysac-

Figure 4.  DEGs space organization. (A) Repartition of the 4084 DEGs on the 21 wheat chromosomes. bc, 
Byrd control; bi, Byrd infested; sc, Settler CL control; si, Settler CL infested. (B) Plot density of the DEGs on 
the chromosome 3D. Gene density was represented in a window of 10 Mb with a sliding window of 1 Mb. n 
indicates the number of genes. Blue dash lines separate the different segments identified with changepoint.
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charide catabolic and metabolic processes, lipid transport and localization, and responses to drugs. Genes with 
functions related to asparagine synthase, catalytic activity, protein dimerization or ligase activity were part of the 
cluster 8, where genes were activated in WCM-infested Byrd plants (Supplemental Table 4).

Variety-specific metabolic pathway response to WCM infestation. We used Mapman to investi-
gate the variation of the metabolism pathways and processes in both cultivars in response to extended feeding 
by WCM. Our results indicate that more pathways related to cell wall, secondary metabolites, redox states, or 
hormonal pathways (e.g., JA and ABA) were detected in the susceptible cultivar at 10 dpi (Fig. 6A). This could 

Figure 5.  Expression profiles of the DEGs for the 11 clusters. Expression values are given in Z-score (FPKM-
mean FPKM/standard deviation FPKM) (red = bc, green = bi, turquoise = sc and purple = si). bc, Byrd control; bi, 
Byrd infested; sc, Settler CL control; si, Settler CL infested.
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explain the higher number of DEGs observed for the susceptible variety. However, genes involved in these path-
ways were mainly downregulated in the susceptible variety (Fig. 6A). The number of genes related to metabolic 
pathways in the resistant cultivar were low, but these genes were mostly upregulated (Fig. 6A). Further, upregu-
lated DEGs in the resistant variety were involved in hormonal pathways such as JA and ABA, redox state, or cell 
wall biosynthesis (Fig. 6B).

Discussion
Timely induction of defense signaling mechanisms contribute to a robust defense against insect  attack40–42. Leaf 
curling resulting from WCM feeding has been used to score wheat varieties as susceptible or resistant against 
 WCM23,34. At 20 dpi, visual differences were detectable between leaves of susceptible and resistant varieties. Sus-
ceptible plants displayed longitudinal leaf curling and leaves trapped within the curl of older leaves (Fig. 1). How-
ever, symptomatic leaves are not easily noticeable until leaves were heavily infested with WCM. Leaf rolling or 
curling has been described in crops leaves in response to various stresses such as salt, drought, and  WCM25,43. A 
few genes have been involved in these leaf morphological changes such as, LCR (LEAF CURLING RESPONSE)44, 
TaDUFF699 gene  family45, OsLBD3-7, NLR1, and ACL146. These previous studies demonstrated the modification 
of the plant transcriptome linked to changes in leaf morphology. The reduction of curling symptoms in resistant 
varieties could potentially help decrease the total number of WCM in the field due a less favorable niche on the 
plant and increased exposure to other abiotic and biotic factors not present in our controlled lab experiments.

Wheat transcriptome responses to short-term feeding (1 dpi) by WCM has been recently reported and pro-
vided insights about early defense mechanisms utilized by wheat against  WCM38. However, WCM has a rapid 
reproductive rate, with egg-adult developmental times of 7 to 10  days47. Thus at 10 dpi, the plant will be inter-
acting with the next generation of WCM. While symptoms on wheat leaves are not strong at 10 dpi, the impact 
of WCM feeding that leads to curling had been started, thus we investigated the variation of the transcriptomic 
response between resistant and susceptible wheat varieties after extended feeding (i.e., 10 dpi). In their study, 
Kiani et al.38 used TAM 112 (WCM-resistant cultivar) and Karl 92 (WCM-susceptible cultivar). TAM 112 has two 
WCM-resistant genes (Cmc3 and Cmc4), and it is one of the parent lines of Byrd that has one WCM-resistant gene 
(Cmc4)33,48. The parental link between the two cultivars allows for a global comparison between these studies.

The number of DEGs for each cultivar between WCM-infested and uninfested conditions were higher after 
10 dpi compared to short-term (1 dpi)  feeding38. Our results showed the proportion of upregulated DEGs were 
higher only in the resistant cultivar. At 10 dpi, we also observed a higher number of downregulated genes in the 
susceptible cultivar compared to the susceptible cultivar at 1 dpi as seen by Kiani et al.38. These results suggest 
that the early defense mechanisms that were activated during WCM infestation were transient. At 10 dpi, 134 
genes were upregulated in the resistance cultivar and downregulated in the susceptible cultivar. The functions 
related to these genes showed the importance of the production of stress-related hormones and structural com-
ponents in biological membranes. Phospholipase A1 genes catalyzes the hydrolysis of fatty acids and the release 
of alpha-linolenic acid, which has been described as a JA  precursor49. The role of fatty acids in plant defense has 
been characterized for the response to fungal and insect  infections50. Fatty acid levels will increase insect elicitor 
induced defense  response51. Fatty acids also have a role in wax composition which represent a physical barrier 
for insect/pest  feeding52–54. In our experiment, after 10 days, WCM affected leaf morphology by preventing the 
leaves from unfolding and by consequence proper leaf development. The alteration of the leaf morphology in the 
susceptible cultivar at 10 dpi affects stomatal development, which could lead to the alteration of the photosyn-
thesis and plant development. The action of WCM on resistant cultivar at 10 dpi was related to primary nitrogen 
metabolism with the inactivation of asparagine synthase genes that play an important role in nitrogen assimila-
tion and distribution. Nitrogen also plays a role in gene transcription by its involvement in RNA  synthesis55. 
Collectively, our data suggest that the wheat transcriptome was impacted at 10 dpi in the susceptible variety.

Plant resistance can be separated into three resistance categories: antibiosis, antixenosis, and  tolerance56. Tol-
erance is the plant’s ability to withstand or recover from insect/pest damage; however, the mechanisms underlying 
tolerance are poorly understood. Recent studies have suggested that phytohormones play a major role in plant 
tolerance to  insects57–59. Previously, it was shown that metabolite levels were altered in wheat plants after short-
term (1 dpi) feeding by  WCM38,60. While there were many differences in the responses between susceptible and 
resistant varieties, comparing DEGs between 1  dpi38 and 10 dpi highlight some important mechanisms that can 
contribute to strengthening host plant resistance. First, we observed that DEGs related to cell wall composition 
in the resistant variety were downregulated after 1  dpi38, but they were upregulated after 10 dpi. This indicate that 
resistant varieties are able to maintain a cell wall structure after prolonged WCM feeding. Second, phytohormones 
play key roles in herbivore-induced defenses by activating key early signal transduction  pathways61. Our study 
identified a high number of DEGs involved in JA and ABA that can potentially modulate WCM-induced stress 
responses. ABA is a phytohormone that regulates plant growth and development, and abiotic stress responses in 
 plants62. ABA did not show significant induction at 1 dpi in either susceptible or resistant varieties. In contrast, 
genes related to ABA were downregulated in susceptible varieties but upregulated in resistant varieties at 10 dpi. 
We hypothesize that ABA will accumulate in the resistant wheat in response to damage of bulliform cells and 
photosynthesis and respiration stress from early symptoms of leaf curling. JA also plays an important role in plant 
response to biotic stress. DEGs related to JA pathway in susceptible varieties did not show significant response at 
1 dpi yet they had a mix of both up- and downregulation of genes at 10 dpi. However, genes related to JA path-
way was upregulated in resistant varieties at both time points. This suggests that JA plays a major role in wheat 
defense against WCM. A previous study on hexaploid bread wheat (T. aestivum var. Zhongmai 175) infested 
with phytotoxic and non-phytotoxic aphids for two days exhibited the induction of plant defense responses in 
addition of JA, SA, and ET  pathways63. The expression of genes involved in phytohormone pathways in wheat 
is triggered by various insects/pests, and this process occurs after short and longer exposure to insect feeding.


