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for Dvv_Gr1 and Dvv_Gr3 genes (Fig.  3a, b). However, 
Dvv_Gr2 was highly expressed in the head as compared 
to fat body, integument, and midgut (Fig. 3c). The higher 
expression of Dvv_Gr2 in the head may suggest localiza-
tion of the receptor to chemosensory organs associated 
with mouthparts and a specific role for this gene as a 
carbon dioxide receptor in D. v. virgifera larvae. Similar 
expression patterns from the two CO2 receptor genes 
from Drosophila where expression is localized in olfac-
tory receptor neurons of the sensilla on the antennae 
have been previously noted [13]. Similarly, all three CO2 
receptor genes in mosquitoes are expressed on the maxil-
lary palps [13, 15, 16].

Erdelyan et al. [16] reported that in Aedes aegypti and 
Culex pipiens quinquefasciatus, the Gr1 and Gr3 genes 
were expressed at higher levels in adults than in lar-
vae and pupae. For blood-feeding mosquitoes, CO2 is a 
chemical stimulus emitted in the breath of animal hosts 
and produces host-seeking behaviors in adult mosquitos 
[33, 34]. In contrast, CO2 is used by D. v. virgifera larvae 
to locate the roots of growing corn plants for feeding [6, 
35]. Therefore, the relatively high expression of Dvv_Gr2 
gene in the head might indicate a possible role for this 

gustatory receptor gene that mediates CO2 detection in 
D. v. virgifera larvae.

The level of expression of the Dvv_Gr2 gene in eggs 
and first instar larvae was higher than in other develop-
ment stages (Fig.  4c). CO2 is given off by growing corn 
roots in the soil or potentially other sources of CO2 that 
are associated with plant growth, and neonate larvae that 
hatch in the spring from overwintering eggs must crawl 
through the soil to locate the roots on which they feed 
[6]. Higher expression of Dvv_Gr2 gene in eggs and first 
instars is consistent with a possible role in host finding, 
which is different from mosquitoes that need to orient 
to hosts in the adult stage [16]. Interestingly, for D. pon-
derosae, the two Gr genes (Gr1 and Gr3) were identified 
from an antenna-specific transcriptome but Gr2 was only 
identified from a draft genome (Keeling et  al., in press) 
and from larval RNAseq data [17]. The specific expres-
sion of Gr2 in larvae further suggests a role in orientation 
of neonates to CO2 detection in D. v. virgifera.

Conclusion
Specific genes potentially involved in CO2 perception in 
D. v. virgifera have been identified and were differentially 

Fig. 3 Expression of CO2 receptors (a Dvv_Gr1, b Dvv_Gr3, c Dvv_Gr2) in different tissues of Diabrotica v. virgifera. For qRT-PCR, relative expression 
of Dvv_Gr genes in different tissues was measured and normalized to an endogenous control (EF1a) as described in the “Methods” section. Values 
represent the means and the standard deviation of three analytical replicates on samples that contain tissue from five 3rd instar larvae. Different 
letters above the bars reflect significantly different expression levels (ANOVA of Tukey Test, P < 0.050)
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expressed among development stages and tissues. Based 
on expression results, Dvv_Gr2 may be more important 
in host orientation of neonates. It should be noted that 
these results contrast those from mosquitoes and fruit 
flies where Gr1 and Gr3 have been identified as playing 
a more important role in CO2 perception. Differences in 
receptors between adults and larvae may explain such 
results. Additional studies to validate the relative impor-
tance of these genes in larval host orientation will provide 
insight into the relative roles for these gustatory receptors 
in rootworm larvae. Previous success with RNA interfer-
ence in both adult and larval rootworms [36–38] should 
provide an effective tool for validating functions for these 
putative receptors through loss of function assays.

The importance of CO2 as an orientation cue for neo-
nates is well documented in rootworm larvae [6] and 
may provide a potential mechanism to protect corn 
plants from rootworm damage. The identification of spe-
cific genes responsible for CO2 perception may provide 
important information for designing rootworm specific 
management approaches that disrupt rootworm host 
finding.
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Fig. 4 Expression of CO2 receptors (a Dvv_Gr1, b Dvv_Gr3, c Dvv_Gr2) in different development stages of Diabrotica v. virgifera. For qRT-PCR, rela-
tive expression of Dvv_Gr genes in different stages was measured and normalized to an endogenous control (actin) as described in the “Methods” 
section. Values represent the means and the standard deviation of three analytical replicates on samples that contain tissue from five 3rd instar 
larvae. Different letters above the bars reflect significantly different expression levels (ANOVA of Tukey Test, P < 0.050)
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