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A B S T R A C T   

The alkaloid, nicotine, produced by tobacco and other Solanaceae as an anti-herbivore defence chemical is one of 
the most toxic natural insecticides in nature. However, some insects, such as the whitefly species, Trialeurodes 
vaporariorum and Bemisia tabaci show strong tolerance to this allelochemical and can utilise tobacco as a host. 
Here, we used biological, molecular and functional approaches to investigate the role of cytochrome P450 en-
zymes in nicotine tolerance in T. vaporariorum and B. tabaci. Insecticide bioassays revealed that feeding on to-
bacco resulted in strong induced tolerance to nicotine in both species. Transcriptome profiling of both species 
reared on tobacco and bean hosts revealed profound differences in the transcriptional response these host plants. 
Interrogation of the expression of P450 genes in the host-adapted lines revealed that P450 genes belonging to the 
CYP6DP subfamily are strongly upregulated in lines reared on tobacco. Functional characterisation of these 
P450s revealed that CYP6DP1 and CYP6DP2 of T. vaporariorum and CYP6DP3 of B. tabaci confer resistance to 
nicotine in vivo. These three genes, in addition to the B. tabaci P450 CYP6DP5, were also found to confer 
resistance to the neonicotinoid imidacloprid. Our data provide new insight into the molecular basis of nicotine 
resistance in insects and illustrates how divergence in the evolution of P450 genes in this subfamily in whiteflies 
may have impacted the extent to which different species can tolerate a potent natural insecticide.   

1. Introduction 

Herbivory in insects is thought to have evolved over 300 million 
years ago, with insect herbivores accounting for approximately a quarter 
of all described eukaryotic species (Bernays, 1998; War et al., 2018). The 
close association between plants and insects has led to diversification 
and speciation of both phytophagous insects and their hosts (Mitter 
et al., 1988; Ramos and Schiestl, 2019). To prevent insect damage, po-
tential host plants often produce defensive compounds which can reduce 
pest fitness, recruit natural enemies and influence behaviour (Inbar and 
Gerling, 2008). These secondary metabolites may be constitutively 
expressed and/or upregulated upon herbivory (Paré and Tumlinson, 
1999), and are highly diverse encompassing alkaloids, phenolics, 

glucosinolates, steroids, terpenoids, glucosides and polypeptides and 
polypeptides (Mithöfer and Boland, 2012). 

In response to host plant defences, herbivorous insects have evolved 
varying mechanisms to circumvent, detoxify and/or excrete these toxic 
compounds (Alyokhin and Chen, 2017). These evolutionary adaptations 
most commonly involve either hard-wired genetic changes that provide 
constitutive defence against host plant toxins, or induced mechanisms 
that are mobilised as required. In the case of the former, genetic adap-
tations can allow the insect herbivore to detoxify or sequester defensive 
compounds more efficiently. A well characterised example of this is in 
adaption of the aphid Myzus persicae to tobacco (Bass et al., 2013). 
Transcriptomic and genomic analysis of tobacco-adapted and non- 
adapted subspecies of M. persicae uncovered a remarkable series of 
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mutations in the tobacco-adapted subspecies that led to dramatic qual-
itative and quantitative changes in the expression of the cytochrome 
P450 CYP6CY3 (Bass et al., 2013). This allowed this subspecies to effi-
ciently detoxify nicotine, the potent natural insecticide produced by 
tobacco efficiently overcoming this anti-herbivore defence chemical. 
Other genomic signatures associated with host plant feeding transitions, 
such as gene gain and loss have been identified in insects (Gloss et al., 
2019; Xue et al., 2014), with such alterations generally associated with 
longer term adaptation. 

Upon transition to a novel host, insects may also rely on large scale 
changes in gene expression to enable them to adapt to the new envi-
ronment, a process known as ‘transcriptional plasticity’. This mecha-
nism typically results in greater insect fitness on the new host (Yu, 
1986), and is more strongly associated with generalist rather than 
specialist herbivores (Birnbaum and Abbot, 2020). Many of the genes 
which allow herbivores to rapidly adapt to the host plant are detoxifi-
cation enzymes, capable of directly metabolising or sequestering toxic 
compounds (Heidel-Fischer and Vogel, 2015). Of these detoxification 
enzymes, cytochrome P450 monooxygenases (P450s) constitute the 
largest and most functionally diverse superfamily (Li et al., 2007). The 
CYP3 clade of P450s has been frequently implicated in detoxification of 
a wide range of plant secondary metabolites including alkaloids and 
furanocoumarins (Mao et al., 2006; Snyder and Glendinning, 1996; 
Feyereisen, 1999). 

Importantly, insect adaption to plant secondary metabolites by either 
constitutive or induced mechanisms can also lead to a reduction in 
sensitivity to synthetic insecticides, as the enzymes that metabolise 
natural plant compounds may also have the capacity to metabolise 
synthetic insecticides (Pym et al., 2019; Bass et al., 2013; Dermauw 
et al., 2013; Gould et al., 1982). This is known as pre-adaptation (Gor-
don, 1961) and may be more common in generalist herbivores. For 
example, the overexpression of CYP6CY3 in tobacco-adapted 
M. persicae, confers resistance to both nicotine and several neon-
icotinoid insecticides (Troczka et al., 2021; Puinean et al., 2010; Bass 
et al., 2013). Similarly, work on the two-spotted spider mite identified 
an increased tolerance to acaricides in response to tomato feeding and 
this was associated with the upregulation of genes encoding detoxifi-
cation enzymes (Dermauw et al., 2013). 

Another family of generalist herbivores is that of the Aleyrodoidea or 
whiteflies. Many of these Hemipterans are global crop pests with both 
nymph and adult stages feeding on a wide variety of crops leading to 
substantial reductions in yield (Lloyd, 1922). Whiteflies cause plant 
damage by feeding on the phloem of hosts, depriving them of nutrients 
and acting as vectors for >100 different plant viruses (Byrne and Bel-
lows, 1991). The two most economically important species of whiteflies 
worldwide, and the focus of the current study, are the greenhouse 
whitefly, Trialeurodes vaporariorum, and the tobacco whitefly, Bemisia 
tabaci. Both species are highly polyphagous, cause large scale agricul-
tural damage and are among the world’s most destructive insect pest 
species (Choi et al., 2003; Lowe et al., 2000). The economic importance 
of these species, results, in part, from their ability to feed on a wide 
range of host plants (Van Lenteren and Noldus, 1990), many considered 
hostile to herbivorous insects. One such hostile host on which both 
species are able to feed is the tobacco plant Nicotiana tabacum which 
forms part of the family Solanaceae or nightshades. The members of this 
plant family produce a wide range of alkaloids, glycoalkaloids, terpe-
noids, organic acids and alcohols (Chowański et al., 2016). The most 
well-known of these toxic allelochemicals is nicotine, which exhibits 
high insecticidal activity due to its ability to mimic acetylcholine and 
intensify synaptic transmission (Chowański et al., 2016). The toxic 
chemistry of nicotine has led to its use as a natural insecticide (Tomi-
zawa and Casida, 2005) although, due to its lack of host specificity and 
high mammalian toxicity, it is not widely-used today (Tomizawa and 
Casida, 2005). 

Intriguingly, previous research has identified a difference in sus-
ceptibility to nicotine between T. vaporariorum and B. tabaci. Despite its 

common name, the tobacco whitefly, B. tabaci has been recorded as 
~10-fold more susceptible to nicotine than T. vaporariorum (Gorman 
et al., 2002). While survival on tobacco in B. tabaci has been linked to an 
increased body volume and muscle content (Xia et al., 2017), the 
mechanism(s) underpinning the greater intrinsic tolerance to nicotine of 
T. vaporariorum have not been resolved. However, two P450s have been 
identified in this species that confer low but statistically significant 
levels of resistance to nicotine (Pym et al., 2019). Interestingly, these 
two P450s, CYP6CM3 and CYP6CM4, belong to the same subfamily as 
CYP6CM1, a P450 in B. tabaci that confers strong resistance to several 
neonicotinoid insecticides including imidacloprid (Jones et al., 2011; 
Karunker et al., 2008; Karunker et al., 2009; Nauen et al., 2013). 
B. tabaci, while more susceptible to nicotine, can still tolerate high doses 
of this alkaloid and tobacco-reared lines have shown elevated resistance 
to nicotine (Kliot et al., 2014). As with the case of T. vaporariorum, the 
mechanisms by which B. tabaci detoxifies nicotine have not been fully 
resolved. However RNA interference of CYP6CM1 was shown to result in 
modest but statistically significant increases in the sensitivity of this 
species to nicotine (Li et al., 2015). Taken together, these findings 
suggest that P450s of the CYP6CM subfamily may play a role in deter-
mining nicotine sensitivity but are unlikely to fully explain the marked 
resistance of both whitefly species to this allelochemical, or the differ-
ences in nicotine sensitivity between T. vaporariorum and B. tabaci. 

Here, we quantified detoxification gene expression in both 
T. vapoariorum and B. tabaci when feeding on either tobacco or a host 
plant with a less challenging secondary metabolite profile and correlated 
this with changes in nicotine sensitivity. We identified a subfamily of 
cytochrome P450 genes present in both whitefly species that are 
strongly upregulated upon tobacco feeding. Ectopic expression of 
members of this gene subfamily in Drosophila melanogaster provide 
functional evidence of their role in resistance to nicotine and subse-
quently the neonicotinoid imidacloprid. Our data provides new insight 
into how these important crop pests are able to colonise the toxic host 
plant tobacco and the mechanistic basis of the greater resistance of 
T. vaporariorum to nicotine than B. tabaci. 

2. Material and methods 

2.1. Insect strains 

The T. vaporariorum strain (Tv1) used in this study is a long-term, 
insecticide-susceptible laboraratory culture that is normally reared on 
French bean (Phaseolus vulgaris L., cv. ‘Canadian Wonder’). The B. tabaci 
strain (Sud-R), usually reared on cotton, is a long-term laboratory strain 
of the MED species and susceptible to most known insecticides. Colonies 
of both species were established on two different host plants, French 
bean (Phaseolus vulgaris) and tobacco (Nicotiana tabacum). All colonies 
were reared on these host plants for >7 generations before bioassays 
were performed. All whitefly cultures in this study were reared at 24 ◦C, 
55% relative humidity, with a 16/8 h. (day/night) light cycle. 

2.2. Insecticide bioassays 

Artificial feeding assays were conducted to identify changes in 
sensitivity of T. vaporariorum and B. tabaci to insecticides. This method 
avoided potential confounding effects caused by performing bioassays 
directly on host plant material, where the attributes of the host can in-
fluence insecticide sensitivity. Insecticides tested included nicotine 
((− )-1-Methyl-2-(3-pyridyl)pyrrolidine, Sigma >99%) and imidacloprid 
(3-[(2S)-1-methylpyrrolidin-2-yl]pyridine, Sigma, > 99.0%). Com-
pounds were dissolved in de-ionised water and then diluted to the 
required concentration in a 15% sucrose solution. 200 μL of nicotine or 
imidacloprid was subsequently applied between two sheets of parafilm 
stretched over 55 mm petri dishes to make a feeding sachet, as described 
previously (Pym et al., 2019; Rauch and Nauen, 2003). Control samples 
using 15% sucrose without insecticide were also included. Adult 
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whiteflies (2–7 days old) were then removed from each host plant and 
anaesthetised using carbon dioxide. Twenty adults of mixed sex were 
added to each petri dish with every insecticide concentration tested in 
triplicate. Mortality was then recorded after 48 h and a Probit analysis 
used to calculate LC50 values and 95% confidence limits using the ‘drc’ 
package (Ritz et al., 2016) in RStudio v1.3.1056 (Allaire, 2012). 

2.3. RNA extraction and sequencing 

RNA was extracted from each whitefly line described above in four 
biological replicates (pooled homogenates of 30 insects) using the Bio-
line Isolate II RNA Mini Kit (Bioline, UK) according to the manufac-
turer’s instructions. RNA quality and quantity was assessed using a 
Nanodrop spectrophotometer (Thermo Scientific, USA), a Qubit Fluo-
rometer (Invitrogen) and by running an aliquot on a 1.5% gel. For the 
latter, RNA was mixed with 2× loading buffer (95% formamide, 0.025% 
xylene cyanol, 0.025% bromophenol blue, 18 mM ethyl-
enediamintetraacetic acid, 0.025% sodium dodecyl sulphate), heated 
for 5 min at 65 ◦C and briefly chilled on ice prior to loading. RNA 
samples were subsequently used for the creation of barcoded libraries 
(TrueSeq RNA library preparation, Illumina, San Diego, California, USA) 
which were run on an Illumina HiSeq2500 flowcell (125 bp paired end 
reads) at the Earlham Institute (Norwich, UK). 

2.4. RNASeq. analysis 

The quality of the RNA sequencing reads was assessed using FastQC 
v0.11.8 (Andrews, 2010). Adaptor regions and low quality base calls 
were removed using TrimGalore v0.6.4 (Krueger, 2012). Sequenced 
reads were subsequently aligned to the T. vaporariorum (Pym et al., 
2019) and B. tabaci (Chen et al., 2016) genomes using HISAT2 v2.1.0 
(Kim et al., 2019) and Samtools v1.9 (Li et al., 2009). Significantly 
differentially-expressed genes were called using the EdgeR analysis tool 
(Robinson et al., 2010) using a corrected p-value of <0.05 and a fold 
change of >2. Analysis plots were generated using the ggplot2 (Wick-
ham, 2016), pheatmap (Kolde and Kolde, 2015) and ggsci (Xiao et al., 
2018) packages in RStudio. Phylogenetic trees were constructed using 
MEGA X (Kumar et al., 2018) from aligned cytochrome-P450s using a 
maximum likelihood model with a bootstrap value of 1000. 

2.5. Creation and bioassay of transgenic Drosophila melanogaster 
expressing whitefly CYP6DP genes 

CYP6DP gene sequences were synthesised and subcloned into the 
pUASTattB plasmid (GenBank: EF362409.1). Constructs were trans-
formed into the germline of a D. melanogaster strain, containing an attP 
docking site on chromosome 2 (attP40) and the phiC41 integrase gene 
under the control of the vasa regulatory region on the X chromosome (y 
w M (eGFP, vas-int, dmRFP)ZH-2 A; P [CaryP]attP40) (Markstein et al., 
2008), using the PhiC31 system. The resultant lines were subsequently 
balanced and gene integration confirmed by PCR and sequencing using 
Phusion DNA polymerase, as described previously (Manjon et al., 2018). 

Virgin females were collected from the Act5C-GAL4 strain and 
crossed with UAS-GOI males. Bioassays were used to test the suscepti-
bility of the lines to the synthetic insecticide imidacloprid in addition to 
the natural plant compound nicotine. Multiple concentrations of the 
insecticide were overlaid onto agar vials (1.5% agar, 1% sucrose, 4% 
acetic acid, 5 vials/dose) and allowed to dry at room temperature 
overnight. Twenty adult female flies (2–7 days post-eclosion) were 
added to each vial and mortality assessed at a specific timepoint. LC50 
values and 95% confidence limits were calculated using the drc package 
(Ritz et al., 2016) in RStudio (Allaire, 2012). 

The expression of transgenes was confirmed using quantitative PCR 
(qPCR) (Fig. S1). For this, RNA was extracted from four biological rep-
licates of five female adults of each transgenic fly strain and the progeny 
of crosses of these strains with the Act5C-GAL4 strain using the Isolate II 

RNAMini Kit (Bioline) as detailed above. cDNA was synthesised from 1 
μg of RNA per replicate using the Maxima H Minus First Strand cDNA 
Synthesis Kit (ThermoFisher) using both random hexamer and oligo (dT) 
primers. qPCR analysis was performed using the primers detailed in 
Table S1, with the efficiency of PCR for each primer pair assessed using a 
serial dilution of 100 ng to 0.01 ng of cDNA. PCR reactions (15 μL) 
contained 10 ng of cDNA, 7.5 μL of SYBR Green JumpStart Taq 
Readymix (Sigma), and 0.25 μM of each primer. Each qPCR experiment 
consisted of two technical replicates and four biological replicates. Re-
actions were run on a BioRad Real-Time PCR System (BioRad) using 
temperature cycling conditions of 3 min at 95 ◦C followed by 40 cycles 
of 95 ◦C for 30 s, 58 ◦C for 20 s and 72 ◦C for 15 s. A melt curve step was 
included (ranging from 65 ◦C to 95 ◦C by 1 ◦C every 5 s) to confirm the 
absence of non-specific amplification. Data were analysed using the 
ΔΔCT method (Livak and Schmittgen, 2001) and normalised using the 
geometric mean of two Drosophila melanogaster housekeeping genes 
(RPL32 and SDHA, Table S1). Graphical analysis was performed using 
RStudio (Allaire, 2012) and BioRender (Biorender, 2022). 

3. Results 

3.1. Insecticide bioassays reveal whitefly species and host plant related 
differences in nicotine and imidacloprid sensitivity 

To compare the relative sensitivity of B. tabaci and T. vaporariorum to 
the natural insecticide nicotine, and examine the impact of host plant on 
the sensitivity of the two species to this allelochemical, cultures of 
B. tabaci and T. vaporariorum were reared on tobacco, a challenging host, 
and bean, a less challenging host. After >7 generations, the sensitivity of 
the two cultures of B. tabaci and T. vaporariorum to nicotine was 
examined using full dose-response bioassays. Both cultures of 
T. vaporariorum exhibited greater tolerance to nicotine than the 
respective B. tabaci cultures on the same host plant (Fig. 1A). The 
T. vaporariorum culture displaying a 29-fold increase in tolerance on 
French bean and a 4-fold increase on tobacco. The tobacco-reared cul-
tures also showed a greater tolerance to nicotine than those on French 
bean. The rearing on tobacco induced a 3-fold increase in tolerance in 
T. vaporariorum and a 23-fold increase in B. tabaci. 

These findings are consistent with previous reports (Gorman et al., 
2002) that show T. vaporariorum displays a greater intrinsic tolerance to 
nicotine than B. tabaci. Additionally, they demonstrate that, in the case 
of both whitefly species, nicotine tolerance is strongly influenced by host 
plant, with feeding on tobacco resulting in a higher tolerance to nicotine 
than feeding on bean. Finally, this host-plant related difference in 
nicotine sensitivity was more pronounced for B. tabaci than 
T. vaporariorum suggestive of a greater induced adaptive response to this 
host plant in the former than the latter. 

To investigate whether the whitefly species and host plant related 
differences in sensitivity to the plant secondary metabolite nicotine were 
also observed for a chemically related synthetic insecticide, we con-
ducted bioassays on the same whitefly lines using the neonicotinoid 
imidacloprid. Both B. tabaci and T. vaporariorum individuals reared on 
tobacco showed a modest but statistically significant (p < 0.05) ~1.5- 
fold increase in tolerance to imidacloprid when compared to the same 
lines reared on French bean (Fig. 1B). 

3.2. Nicotine and imidacloprid tolerance are associated with changes in 
the expression of genes encoding detoxification enzymes 

To explore the mechanism(s) underpinning the variation in pesticide 
susceptibility of the two whitefly species when reared on different host 
plants, and gain insight into the differences in sensitivity of the two 
species to nicotine, we performed replicated RNA sequencing (RNAseq) 
of the B. tabaci and T. vaporariorum lines reared on tobacco and bean. 
RNAseq data was used to conduct differential gene expression analyses, 
comparing the cultures of each whitefly species reared on tobacco with 
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those reared on bean. This analysis revealed a dramatic transcriptional 
response induced by feeding on different host plants in the case of both 
species (Fig. 2). A higher number of significantly differentially expressed 
(DE) genes was observed in B. tabaci (4647) of which 3721 were over- 
expressed in the culture reared on tobacco. A lower number of DE 
genes, 2974, was observed for T. vaporariorum, of which 1671 were over- 
expressed in the culture reared on tobacco. 

As previous work has implicated P450 enzymes in resistance to 
nicotine in both B. tabaci and T. vaporariorum, and other insect species 
(Bass et al., 2013; Pym et al., 2019; Li et al., 2015; Snyder and Glen-
dinning, 1996), we examined the expression of genes in this detoxifi-
cation enzyme superfamily in our dataset in more detail. A large number 
of P450 genes were found to be differentially-expressed in response to 
nicotine feeding (Fig. 3). Of these, a total of 41 B. tabaci P40 genes, and 
8 T. vaporariorum P450 genes were found to be significantly upregu-
lated. The expression data of P450s obtained for both whitefly species 
was subsequently overlaid onto a phylogenetic tree of the P450 genes 
(Fig. 4) to identify clades of genes commonly over-expressed upon to-
bacco feeding. P450s belonging to the CYP4 clade were generally under- 

expressed or showed low levels of over-expression. Similarly, P450s 
found in the mitochondrial or CYP2 clade showed low-moderate levels 
of overexpression associated with tobacco feeding. In contrast, several 
P450s belonging to the CYP3 clade, frequently instrumental in the 
detoxification of toxic compounds (Nauen et al., 2022), exhibited large- 
scale changes in expression associated with tobacco feeding. Within this 
clade, multiple genes in several subclades were identified as signifi-
cantly over-expressed. Somewhat surprisingly, this did not include 
P450s belonging to the CYP6CM subfamily. As detailed in the intro-
duction, CYP6CM3 and CYP6CM4 of T. vaporariorum have been previ-
ously implicated in resistance to nicotine. However, of the four CYP6CM 
subfamily P450 genes identified in the two whitefly species, only 
CYP6CM4 was upregulated 1.7-fold in whitefly lines reared on tobacco, 
suggesting that upregulation of these P450s is unlikely to fully explain 
the increased tolerance to nicotine following feeding on tobacco. In 
contrast to these findings, members of the CYP6DP subfamily, 
comprising CYP6DP1 and CYP6DP2 in T. vaporariorum and CYP6DP3 
and CYP6DP5 in B. tabaci, exhibited much stronger and more consistent 
upregulation upon tobacco feeding (Fig. 4). CYP6DP1 and CYP6DP2 
were ~4-fold and ~19-fold over-expressed in the tobacco feeding 
T. vaporariorum line whereas CYP6DP3 and CYP6DP5 were 8-fold and 
25-fold over-expressed in the tobacco feeding B. tabaci line. Taken 
together, these findings suggest that P450 genes belonging to the 
CYP6DP subfamily are strong candidate genes for a role in nicotine 
tolerance in the two species. 

3.3. CYP6DP subfamily P450s confer tolerance to nicotine in vivo 

To functionally validate the role of the candidate P450 genes iden-
tified by transcriptome profiling in nicotine tolerance, four transgenic 
lines of D. melanogaster were created each expressing one of the 
CYP6DPx genes. The sensitivity of these lines to nicotine was examined 
using full-dose response nicotine bioassays and compared to a control fly 
line of the same genetic background but lacking a transgene (Fig. 5, 
Table S2). The transgenic lines expressing CYP6DP1 and CYP6DP2 of 
T. vaporariorum displayed significant (p < 0.001) tolerance of 4-fold and 
2-fold respectively, to nicotine when compared to the control line. 
CYP6DP3 of B. tabaci also exhibited significant nicotine tolerance (2- 
fold, p < 0.001). However, the line expressing B. tabaci CYP6DP5 did not 

Fig. 1. Sensitivity of whitefly lines reared on tobacco and bean to nicotine. Lethal concentration (LC50) values of T. vaporariorum and B. tabaci colonies reared on 
French bean (Phaesolus vulgaris) and tobacco (Nicotiana tabacum) to (A) the natural insecticide nicotine and (B) the synthetic neonicotinoid imidacloprid. Error bars 
denote 95% confidence limits. 

Fig. 2. Summary of significantly over- and under- expressed genes in lines of 
T. vaporariorum and B. tabaci reared on tobacco, compared to the same strains 
reared on French bean. Genes were identified by RNASeq analysis using the 
edgeR package. 
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display significant tolerance to this compound compared to the control 
(p = 0.26) suggesting that this enzyme may lack the capacity to 
metabolise nicotine. 

To investigate whether these P450s also have the capacity to confer 
tolerance to imidacloprid, the sensitivity of CYP6DP-expressing 
D. melanogaster lines to this neonicotinoid was examined in full-dose 
response bioassays. As observed for nicotine, the lines expressing 
CYP6DP1 and CYP6DP2 of T. vaporariorum displayed a significantly (p <
0.001) increased tolerance to the compound (2.69 and 2.07-fold 
respectively) compared to the control line. In the case of lines express-
ing B. tabaci P450s, the CYP6DP3-expessing line showed, as for nicotine, 
a significant (p < 0.001) tolerance to imidacloprid (1.99-fold). More 

surprisingly, the CYP6DP5-expressing line also exhibited a significant 
tolerance to imidacloprid (2.78-fold, p < 0.001) in contrast to its lack of 
resistance to nicotine. Together these results demonstrate the causal role 
of CYP6DP1, CYP6DP2 and CYP6DP3 in tolerance to the alkaloid nico-
tine and also demonstrate that these P450s are preadapted to confer a 
degree of tolerance to chemically-related synthetic insecticides. 

4. Discussion 

Whiteflies are among the world’s most damaging group of insect 
crop pests and have evolved resistance to a remarkable array of synthetic 
and natural toxins (Prabhaker et al., 1985; Horowitz et al., 2020; War-
dlow et al., 1972). Relatively few insect species can utilise tobacco as a 
host, due to its potent chemical defences, but the whiteflies, B. tabaci and 
T. vaporariorum, are among those that have evolved means to overcome 
this (Chowański et al., 2016). However, to date, the mechanisms by 
which the two species detoxify nicotine, the most abundant volatile 
alkaloid in tobacco leaves (Tayoub et al., 2015), and the differences in 
the sensitivity of the two species to this compound (Gorman et al., 
2002), has remained unresolved. Furthermore, while over-expression of 
the cytochrome P450 CYP6CM1 in B. tabaci has been shown to confer 
resistance to the structurally related synthetic neonicotinoid insecticides 
(Jones et al., 2011; Karunker et al., 2008), the relationship between the 
mechanisms underpinning resistance to nicotine and neonicotinoids is 
unclear. A previous study linked B. tabaci fitness on tobacco to an in-
crease in muscle content (Xia et al., 2017) but this mechanism would not 
cause a higher tolerance to nicotine. Our data therefore provides new 
insight into these long-standing knowledge gaps. 

Investigation of the impact of host plant on nicotine sensitivity in the 
two whitefly species in this study revealed that tobacco-reared lines of 
B. tabaci and T. vaporariorum exhibit much greater tolerance to nicotine 
compared to those reared on French bean. This finding is consistent with 
previous research (Kliot et al., 2014; Pym et al., 2019), and is likely the 
result of adaptation to nicotine exposure when feeding on tobacco, for 
example, by the upregulation of genes encoding enzymes that can 
detoxify this compound. In such a scenario, tobacco-reared lines 
exposed to nicotine in insecticide bioassay, already overexpress enzymes 
capable of metabolising the compound, resulting in the reduced sensi-
tivity of these lines relative to tobacco-unadapted lines. In chemistry, 
this effect is known as ‘mithridatism’, where resistance to poisoning is 
acquired by enzymatic activation or metabolic functional changes due to 
prior exposure to sub-lethal doses of the same, or a related, poison 
(Tsatsakis et al., 2018). Intriguingly, our data revealed a much larger 
difference in induced tolerance in B. tabaci than T. vaporariorum sug-
gesting a greater adaptive response in the former than the latter. Despite 
this, insecticide bioassays confirmed that both the intrinsic and induced 
tolerance was higher in T. vaporariorum than B. tabaci, despite its com-
mon name of the ‘tobacco whitefly’. The same finding has been reported 
in a previous study (Gorman et al., 2002) using different strains of 
whiteflies, suggesting that this pattern is consistent across different ge-
netic backgrounds of the two species. B. tabaci is generally considered to 
have a higher propensity to develop resistance to synthetic insecticides 
than T. vaporariorum and is able to detoxify over 50 insecticides with 555 
documented cases of resistance (Sparks and Nauen, 2015). Additionally, 
multi-resistant populations are not uncommon, especially in the MED 
biotype (IRAC, 2023). In this case, however, the greater tolerance of 
T. vaporariorum to nicotine suggests the underling mechanisms in this 
species confer greater protection against this compound than those 
present in B. tabaci. This differential sensitivity of the two species could 
be caused by multiple factors, including more efficient detoxification by 
nicotine metabolising enzymes in T. vaporariorum, reduced affinity of 
nicotine for the nicotinic acetylcholine receptor (nAChR) of 
T. vaporariorum than that of B. tabaci, or other physiological difference 
between the two species. However, the marked phenotypic plasticity 
associated with tobacco feeding, i.e. enhanced nicotine tolerance 
following tobacco feeding, observed in this study, is consistent with the 

Fig. 3. Relative expression of P450 genes in T. vaporariorum and B. tabaci lines 
feeding on tobacco compared to lines feeding on French bean. Lighter colours 
denote over-expression and darker colours, under-expression. Enzymes with 
expression − 1 > x > 1 were included. 
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upregulation of genes that confer resistance to nicotine. 
Transcriptome profiling of T. vaporariorum and B. tabaci reared on 

tobacco versus French bean revealed profound differences in gene 
expression associated with feeding and reproducing on these different 
host plants. This observed transcriptional plasticity aligns with the re-
sults of studies on host adaptation in whiteflies and several other insect 
species (Pym et al., 2019; Yu et al., 2016; Dermauw et al., 2013), which 
together demonstrate the capacity of generalist species to rapidly 
modulate gene expression in a host-dependent manner. Recent work on 
T. vaporariorum has revealed that these profound changes in gene 
expression during host adaptation are associated with marked changes 
in tolerance to both natural and synthetic insecticides (Pym et al., 2019), 
as observed in our study. 

Previous research has implicated members of the P450 gene super-
family in nicotine resistance in both whiteflies and other insect species 
(Pym et al., 2019; Bass et al., 2013; Snyder et al., 1994; Rand et al., 
2015). The transcriptome profiling conducted in our study revealed 
marked changes in the expression of numerous individual P450 genes in 
comparisons of the lines of the two whitefly species reared on different 
host plants. Surprisingly, in the case of P450s belonging to the CYP6CM 
subfamilu, neither gene was upregulated in B. tabaci and only one 
showed upregulation in T. vaporariorum in response to tobacco-feeding. 
This gene, CYP6CM4 of T. vaporariorum, has been previously shown to 

confer low (1.5-fold) levels of nicotine tolerance when ectopically 
expressed in transgenic D. melanogaster (Pym et al., 2019). Thus, while 
P450s belonging to the CYP6CM subfamily may play some role in 
nicotine tolerance, they are unlikely to fully explain the much greater 
levels of nicotine tolerance observed in tobacco-reared whitefly lines 
compared to those reared on bean. In contrast to these findings, the 
pattern of expression of P450 genes belonging to the CYP6DP subfamily 
makes them much stronger candidates for a role in induced nicotine 
resistance, with CYP6DP1 and CYP6DP2 of T. vaporariorum, and 
CYP6DP3 and CYP6DP5 of B. tabaci all exhibiting much stronger and 
more consistent upregulation upon tobacco feeding. 

Functional characterisation of these genes by ectopic expression in 
D. melanogaster provided causal evidence that three of the four P450s 
confer resistance to nicotine in vivo. More specifically, both CYP6DP 
subfamily P450s from T. vaporariorum conferred significant resistance to 
nicotine, with flies expressing CYP6DP1 and CYP6DP2 significantly 
more resistant to nicotine than flies of the same genetic background 
lacking these P450s (4- and 2-fold respectively). In the case of B. tabaci, 
only CYP6DP3 conferred a significant resistance to nicotine (2-fold). 
Whereas, flies expressing CYP6DP5 exhibited no significant resistance to 
the same compound. These results correlate with the phenotypic levels 
of nicotine tolerance exhibited by the two whitefly species. Specifically, 
the higher levels of intrinsic tolerance to this compound observed in 

Fig. 4. Phylogenetic tree of T. vaporariorum and B. tabaci P450s. Differentially expressed P450s in tobacco reared lines compared to French bean reared lines are 
coloured according to expression with under-expressed genes in blue and over-expressed genes in red. Node numbers represent bootstrap support values (1000 
replicates). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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T. vaporariorum are consistent with the fact that this species has two 
CYP6DP subfamily P450s which confer resistance, of which one, 
CYP6DP1 appears to be particularly active against nicotine. In contrast, 
B. tabaci appears to have a single nicotine metabolising CYP6DP P450 
which confers modest levels of resistance. 

Links between insect and mite host plant adaption and increased 
tolerance to synthetic insecticides have been previously identified in 
several species (Dermauw et al., 2013; Bass et al., 2013). For example, 
work on M. persicae, revealed that tobacco-derived clones exhibit 
increased tolerance to both nicotine and neonicotinoid insecticides, 
despite the fact that they had never been exposed to the latter (Bass 
et al., 2013). This was linked to the over-expression of the P450 
CYP6CY3, which confers resistance to nicotine and pre-adapts tobacco- 
derived clones to resist neonicotinoid insecticides (Bass et al., 2013; 
Puinean et al., 2010). Here we demonstrate that whitefly P450s of the 
CYP6DP subfamily have a similar capacity to detoxify both natural 
(nicotine) and synthetic (imidacloprid) insecticides. However, our 
findings, in combination with previous work (Bass et al., 2013; Der-
mauw et al., 2013), also illustrate that this does not necessarily mean 
that enzymes that are preadapted to detoxify synthetic insecticides will 
be co-opted in the evolution of insecticide resistance. More specifically, 
in B. tabaci (Hamada et al., 2019; Jones et al., 2011; Karunker et al., 
2008), neonicotinoid resistance has been most frequently linked to the 
over-expression of CYP6CM1, not members of the CYP6DP subfamily of 
P450s. The reasons for this are unclear and might simply reflect the 
stochastic process of evolution, the fact that upregulation of CYP6CM1 
results in greater resistance to neonicotinoids, or lower fitness costs in 
the absence of insecticide, than upregulation of CYP6DP P450 genes. 
Future research is required to investigate this further. Regardless, our 
findings that CYP6DP P450s have the capacity to confer tolerance to 
imidacloprid once again illustrates the inherent risk of developing 
insecticidal compounds that share chemical similarity with natural 
compounds encountered by herbivorous insects. 

In conclusion, our data provide new insight into the molecular basis 
of nicotine resistance in whiteflies and reveal the role of CYP6DP sub-
family P450s in both constitutive and induced resistance to this com-
pound. Furthermore, they illustrate how divergence in the evolution of 
this subfamily of P450 genes in whiteflies may have impacted the extent 

to which different species can tolerate a potent natural insecticide. 
Finally, our findings inform research on the link between host-plant 
adaptation and insecticide resistance by providing an example of how 
insect detoxication enzymes that detoxify plant secondary metabolites 
can be pre-adapted to resist synthetic insecticides. 
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Fig. 5. Sensitivity of transgenic strains of Drosophila melanogaster expressing CYP6DP genes to the insecticides nicotine and imidacloprid. Lethal concentration 50% 
(LC50) values for the transgenic strains of D. melanogaster expressing each of the CYP6DP genes to (A) nicotine and (B) imidacloprid. The control strain is a line of 
D. melanogaster of the same genetic background as the transgenic strains but lacking a transgene. Error bars are 95% confidence intervals and stars denote significance 
(p < 0.05). 
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