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Abstract

Previously, we reported that Candidatus Liberibacter
asiaticus (Las)-infected Diaphorina citri are character-
ized by lower levels of cytochrome P450 monooxyge-
nases than uninfected counterparts. In the present
study, we investigated expression levels of family
4 cytochrome P450 (CYP4) genes in Las-infected
and uninfected D. citri adults. Five novel CYP4
genes (CYP4C67, CYP4DA1, CYP4C68, CYP4DB1 and
CYP4G70) were identified. Four of the five CYP4
genes were expressed at significantly higher levels in
uninfected than Las-infected males, whereas only one
was expressed at significantly higher levels in unin-
fected than Las-infected females. These results
suggest that levels of cytochrome P450 monooxyge-
nases in D. citri may be linked to expression levels of
these CYP4 genes. Expression of all five CYP4 genes
was induced by exposure of D. citri to imidacloprid,
suggesting their possible involvement in metabolism
of this toxin. Higher expression of the five CYP4
genes was found in nymphs than adults, which is
congruent with previous results indicating higher
levels of cytochrome P450 monooxygenases in
nymphs than adults. These five CYP4 genes may be
promising candidates for RNA-interference to silence
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overexpression of genes associated with insecticide
resistance in D. citri. These newly identified genes
may also serve as DNA-based screening markers for
cytochrome P450-mediated insecticide resistance in
field populations of D. citri.

Keywords: cytochrome P450 monooxygenases, Dia-
phorina citri, greening, huanglongbing, imidacloprid
induction, Las infection.

Introduction

Cytochrome P450 is an important class of enzymes that
occurs in all cellular living organisms (Feyereisen, 1999,
2005). This large class of enzymes has been divided into
various CYP families, including 4, 6, 9, 12, 15, 18 and 28,
based on the degree of amino acid sequence identity
(Scott, 1999). Cytochrome P450s show >40% and >55%
amino acid sequence identity within a family and subfam-
ily, respectively (Nebert efal, 1991). In insects, this
class of enzymes has been thoroughly investigated, and
is represented by around 48-164 genes (Tijet etal.,
2001; Ranson etal, 2002; Feyereisen, 2005). Cyto-
chrome P450 is associated with insecticide resistance and
metabolism of a wide range of endogenous and exog-
enous compounds that includes hormones, pheromones,
insecticides and plant secondary compounds in insects
(Hodgson, 1985; Feyereisen, 1999; Scott, 1999). Over-
transcription of families 4, 6, 9 and 12 has been frequently
linked to insecticide metabolism and resistance (Feyere-
isen, 2006; Li et al., 2007).

The Asian citrus psyllid, Diaphorina citri Kuwayama
(Hemiptera: Psyllidae), is one of the most serious pests of
citrus because it vectors the putative causal agent of
huanglongbing (HLB), Candidatus Liberibacter asiaticus
(Las) (Halbert & Manjunath, 2004). HLB is one of the most
economically important diseases of citrus which is present
in most citrus growing regions of the world (Halbert &
Manjunath, 2004; Manjunath et al., 2008). Currently, the
most common practice for managing HLB is aggressive
use of insecticides to control the vector (Sétamou et al.,
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2010; Tiwari et al., 2011a); however, the number of avail-
able modes of action is limited and in some cases
repeated sequential use of the same insecticide or mode
of action has led to the development of varying levels of
insecticide resistance in populations of D. citri in Florida,
USA. (Tiwari et al., 2011a). Increased activity of detoxify-
ing enzymes in field populations of D. citri may partially
explain the emerging cases of insecticide resistance
observed to date (Tiwari et al., 2011a).

Several investigations have confirmed that the pres-
ence of a pathogen or parasite influences insecticide sus-
ceptibility and associated detoxifying enzyme levels
(McCarroll et al., 2000; Duron et al., 2006; Kontsedalov
etal., 2008; Ghanim & Kontsedalov, 2009; Tiwari et al.,
2011b, c). For example, RNA levels of Wuchereria ban-
crofti are higher in insecticide susceptible Culex quinque-
fasciatus than in resistant counterparts. Also, susceptible
C. quinquefasciatus were characterized by lower esterase
levels than resistant ones (McCarroll et al., 2000). Infec-
tion by Rickettsia increases the susceptibility of Bemisia
tabaci to acetamiprid, thiamethoxam, spiromesifen and
pyriproxyfen (Kontsedalov et al., 2008). Similarly, infection
of a strain of B. fabaci with combinations of Wolbachia—
Arsenophonus and Rickettsia—Arsenophonus, increased
susceptibility to thiamethoxam, imidacloprid, pyriproxyfen
and spiromesifen compared with a strain infected with
only Arsenophonus (Ghanim & Kontsedalov, 2009). Also,
Wolbachia infection in insecticide-resistant populations of
Culex pipiens L. results in a physiological cost to the host
in terms of reduced fecundity and preimaginal survival
when compared with susceptible counterparts, thereby
increasing the cost of insecticide resistance in infected
and resistant populations (Duron et al., 2006). In D. citri,
infection of adults with the Las bacterium increases insec-
ticide susceptibility and decreases levels of three types of
detoxifying enzymes when compared with uninfected
counterparts (Tiwari et al., 2011b, c). Although there is
mounting evidence that pathogen infection can reduce

host insect capacity to metabolize toxins, much less is
known about the specific mechanisms underlying this
phenomenon.

In the current investigation, we used degenerate
primers to amplify and sequence expressed CYP4 genes
in uninfected and Las-infected D. citri. Genes in the CYP4
family are known for a high degree of conserved
sequence in both the i-helix and heme-binding regions,
which has facilitated the use of degenerate CYP4 primers
to amplify gene fragments from cDNA templates (Snyder
et al., 1995). This approach has been successfully applied
to identify CYP4 genes in a wide range of insects, includ-
ing Anopheles albimanus (Scott et al., 1994), Manduca
sexta (Snyder etal., 1995), Drosophila melanogaster
(Dunkov et al., 1996), Helicoverpa armigera (Pittendrigh
etal., 1997), Diabrotica vergifera vergifera (Scharf et al.,
2001), Anopheles gambiae (Ranson etal., 2002) and
Reticulitermes flavipes (Zhou et al., 2006). Our objectives
in the present study were to identify CYP4 genes and to
compare their relative expression in uninfected and Las-
infected male and female D. citri. In addition, we com-
pared the relative expression of identified genes between
uninfected immature and adult D. citri and induced
expression of identified CYP4 genes in D. citri adults by
exposing them to varying concentrations of imidacloprid.

Results

Choice of quantitative real-time PCR reference genes

An initial test was conducted on common housekeeping
genes (alpha-tubulin, actin, NADH-dh and wg), as refer-
ences for quantitative real-time PCR (qPCR), and five
CYP4 genes for gene expression in all four types of D. citri
examined: uninfected or Las-infected males and females.
Amplified PCR products of five CYP4 genes and four
reference genes using male uninfected insects are shown
in Fig. 1. Primer-dimer and other non-specific amplicons
were not found in any of the samples. Actin and NADH-dh

Actin Wg
CYP4DA1
Bioline CYP4GTO Alpha

bp HLI cYP4ce7 | CYP4CEB | cYP4pB1| tubulin | NADH-dh

I = ————
2000 — | s

"U‘- ;

300 A, & - | —

Figure 1. Representative agarose gel is shown depicting expression of five CYP4 and four reference genes after PCR amplification using cDNA from
male uninfected Diaphorina citri. PCR products were obtained after 35 cycles of PCR amplification, using amplification cycles described under

experimental procedures.
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Table 1. Sequence summary for Diaphorina citri CYP4 genes, identified from uninfected and Las-infected male and female D. citri
Treatment

Gene name No. clones um IM UF IF Closest homology (identity scores, e values)
CYP4C67 37 10 10 9 8 Diploptera punctata CYP4C1 (98%, 3e-63)
CYP4DA1 2 0 0 1 1 Anopheles gambiae CYP4C27 (54%, 3e-45)
CYP4C68 4 0 0 3 1 Anopheles funestus CYP4C41 (94%, 4e-45)
CYP4G70 1 0 0 1 0 Carcinus maenas (crab) CYP4C39 (99%, 4e-39)
CYP4DB1 1 0 0 1 0 Nasonia vitripennis CYP4G43 (99%, 2e-68)
Totals 45 10 10 15 10

UM, uninfected male; IM, Las-infected male; UF, uninfected female; IF, Las-infected female.

were the only genes that were uniformly expressed. Dis-
sociation curves generated using additional quantitative
real-time PCR (gqPCR) assays suggested that single
amplicons were present for both Actin and NADH-dh.
Expression of Actin and NADH-dh was further confirmed
by conducting PCR on four types of D. citri samples (unin-
fected or Las-infected males and females) and visualizing
PCR products on 2% agarose gels. Stronger and uniform
expression of Actin across all four samples along with
lower sb when compared with NADH-dh suggested that
Actin was more stable than NADH-dh. Actin was therefore
chosen as a standard reference gene for all subsequent
gPCR assays.

Nucleotide sequences

A previous study conducted by Tiwari etal. (2011b)
reported that levels of cytochrome P450 monooxygena-
ses varied among uninfected male, uninfected female,
Las-infected male and Las-infected female D. citri. The
objective of the present study was to isolate expressed
CYP4 genes from four types of D. citri: uninfected male,
uninfected female, Las-infected male and Las-infected
female. In all, 96 positive clones based on the blue-white
screening method (n = 24 positive clones from each type
of D. citri, n = 96 total clones) were submitted for high-
throughput DNA sequencing. Of these, 77 clones yielded
a high quality sequence from which 45 were determined to
represent CYP4 sequences and the remaining 32 were
considered putative. A BLASTx search of GenBank using
five CYP4 nucleotide sequences (excluding priming
regions) revealed varying levels of homology with CYP4
fragments from other organisms (Table 1). All of the
sequences were significantly (identity scores: 54—99%;
e-values >1 x 1075 homologous to CYP4 genes from
either Diploptera punctata (CYP4C1), Anopheles
funestus (CYP4C41), An. gambiae (CYP4C27), Carcinus
maenas (green crab) (CYP4C39), or Nasonia vitripennis
(CYP4G43). The 45 CYP4 sequences were aligned into
five distinct contigs that represent five unique CYP4 genes
(Table 1). Of the 45 CYP4 sequences, 10 were obtained
from male Las-infected, 10 from male uninfected, 15 from

© 2011 The Authors

female Las-infected and 10 from female uninfected adults.
Although cloning studies revealed that CYP4C67 was the
only gene expressed in males, irrespective of Las infec-
tion status (Table 1), subsequent PCR and qPCR assays
(Figs 1, 5) on uninfected and Las-infected males revealed
that all five CYP4 genes exist in males. Alternatively,
cloning of only one CYP4 gene (CYP4C67) in males may
suggest a lower proportion of high quality sequences
obtained from those two treatments. The five CYP4
contigs ranged from 437 to 458 nucleotides (Fig. 2) and
encoded peptides from 145 to 152 amino acids (Fig. 3) in
size. Amino acid identity and phylogenetic analysis
showed that the five identified CYP4 genes from D. citri
share a similar lineage with CYP4 genes from other
insects (Table 1 and Fig. 4).

CYP4 expression in Las-infected and uninfected
Diaphorina citri

Relative expression levels for the five CYP4 genes were
compared between uninfected and Las-infected adults
within each sex (Fig. 5). Expression of CYP4DA1 (One-
way ANOVA results: F = 10.73; d.f. = 1, 10; P = 0.0084),
CYP4C68 (F =12.34; d.f. =1, 10; P=0.0056), CYP4G70
(F =5.19; d.f. =1, 10; P = 0.0459) and CYP4DB1 (F =
6.25; d.f. =1, 10; P = 0.0314) was significantly greater in
uninfected than Las-infected males, while expression of
CYP4C67 (F =1.36; d.f. =1, 10; P=0.2704) did not differ
between uninfected and Las-infected males. Expression
of CYP4DAT1 (F = 46.10; d.f. =1, 10; P < 0.0001) was
significantly greater in uninfected than Las-infected
females, while expression of CYP4C67 (F =0.26; d.f. =1,
10; P = 0.6232), CYP4C68 (F = 3.28; d.f. =1, 10; P =
0.1001), CYP4G70 (F = 31.06; d.f. =1, 10; P = 0.0002)
and CYP4DB1 (F =2.70; d.f. =1, 10; P=0.1317) was not
affected by Las infection in females.

Imidacloprid induction bioassay

The objective of this experiment was to determine whether
exposure of D. citri to imidacloprid, a neonicotinoid insec-
ticide to which field populations of D. citri exhibit varying

Insect Molecular Biology © 2011 The Royal Entomological Society, 20, 733-744
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Figure 2. Clustal-V multiple alignment of five Diaphorina citri CYP4 nucleotide fragments. Sequence positions at the right correspond to nucleotides.
Invariant residues are denoted by black highlighting in the majority of the sequence. Forward and reverse primers are denoted by sequences in the boxes.

levels of resistance (Tiwari et al., 2011a), induces expres-
sion of the five aforementioned CYP4 genes (Fig. 6). There
were varying levels of significant induction in all five CYP4
genes [(CYP4C67: F = 8.59; d.f. = 5, 30; P < 0.0001)
(CYP4DAT1: F=24.39; d.f. =5, 30; P<0.0001) (CYP4C68:
F=22.91;d.f.=5,30; P<0.0001) (CYP4DB1: F=4.10; d.f.
=5,30; P=0.0061) and (CYP4G70: F =11.76; d.f. =5, 30;
P < 0.0001)]. Expression of CYP4C67 was significantly
upregulated in adults treated with 0.2, 0.4, 0.6 and 0.8 ppm
of imidacloprid when compared with controls; however,

exposure of adults to 1.0 ppm of imidacloprid did not affect
the expression of CYP4C67. Expression of CYP4DA1 and
CYP4C68 was significantly greater in adults exposed to
0.4, 0.6, 0.8 or 1.0 ppm of imidacloprid than those exposed
to 0.2 ppm or the control. Expression of CYP4G70 was
significantly greater in adults exposed to 0.4, 0.6, 0.8 or
1.0 ppm of imidacloprid than in the control. Expression of
CYP4DB1 was significantly higher in adults exposed to 0.6,
0.8 and 1.0 ppm of imidacloprid than in those exposed to
0.2 or 0.4 ppm or the control.
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Figure 3. Clustal-V multiple alignment of five translated Diaphorina citri CYP4 nucleotide fragments. Sequence positions at the right correspond to
nucleotides. Invariant residues are denoted by black highlighting in the majority of the sequence. Forward and reverse primers are denoted by
sequences in the boxes. Bold underlining denotes the highly conserved i-Helix, PERF and heme regions.
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CYP4C1 Diplotera punctata
o3 - CYP4C68 Diaphorina citri
0.6 . 0.92 |— CYP4C6T Diaphorina citri
- CYP4DA1 Diaphorina citri
- — CYP4C27 Anopheles gambiae
Figure 4. Phylogenetic tree depicting relationship of L
five CYP4 genes fragments from Diaphorina citri and CYP4C41 Anopheles funestus ) .
other CYP4 fragments of similar lineages (see 0.8 CYP4DB1 Diaphorina citri
Table 1 for details and sequence accession - 0.98 — CYP4GT70 Diaphorina citri
numbers). The tree was generated using the PhyML 0.86 1 o .
software based on the maximum likelihood method. CYP4G43 Nasonia vitripennis
Bootstrap analysis values are shown above the CYP4C39 Carcinus maenas

branches. The scale bar indicates the number of

amino acid residue changes per unit length of the
horizontal branches.

Effect of developmental stage on CYP4 expression

Relative expression of all five CYP4 genes was higher in
nymphs than in adults [(CYP4C67: F = 3.63; d.f. = 2, 21;
P = 0.0443) (CYP4DAT: F = 445; df. = 2, 21; P =
0.0245) (CYP4C68: F = 3.74; d.f. = 2, 21; P = 0.0409)
(CYP4DBT1: F = 16.12; d.f. = 2, 21; P < 0.0001) and
(CYP4G70: F = 7.86; d.f. = 2, 21; P = 0.0028)] (Fig. 7).
Expression of CYP4C67 was significantly higher in 2nd
than 4th instars or adults. Expression of CYP4DA1 and
CYP4C68 was significantly higher in 4th instars than
adults, but was not different from that in 2nd instars.
Expression of CYP4G70 was greatest in 2nd instars, fol-
lowed by 4th instars and adults. Expression of CYP4DB1
was significantly higher in 2nd and 4th instars than in
adults.

Discussion

CYP4 expression in Las-infected and uninfected
Diaphorina citri

Infection of D. citri with Candidatus Liberibacter asiaticus
increases susceptibility of D. citri to insecticides used for
its management (Tiwari et al.,, 2011b). Increased suscep-
tibility appears to be related to reduction in general
esterase, glutathione S-transferase and cytochrome
P450 monooxygenase levels as a result of Las infection
(Tiwari et al., 2011b, c). Higher levels of these detoxifying
enzymes in insecticide resistant populations are related to
elevation in associated gene expressions (Scharf et al.,
1999, 2001; Ranson et al., 2001; Daborn etal., 2002,
2007; Gui et al., 2009; Wondiji et al., 2009; Matambo et al.,
2010). Strains of the German cockroach, Blattella ger-
manica, expressing higher tolerance to an organophos-
phate insecticide are characterized by higher expression
of P450 MA protein, an overexpressed form of cytochrome
P450 monooxygenases (Scharf et al,, 1999). Similarly, a
population of western corn rootworm, Diabrotica virgifera
virgifera, exhibiting resistance to methyl parathion and
carbaryl, expresses higher mRNA levels of three CYP4

© 2011 The Authors
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genes than counterparts from a susceptible population
(Scharf et al., 2001). Likewise, dichlorodiphenyltrichloro-
ethane (DD)-resistant An. gambiae express higher mRNA
levels of aggst3-2, a class Il glutathione S-transferase
gene, than susceptible counterparts (Ranson et al., 2001).
In D. melanogaster, overexpression of eight cytochrome
P450 genes is correlated with resistance to DDT, niten-
pyram, dicylanil and diazinon (Daborn et al., 2002, 2007).
In Bombyx mori, BmGSTS2 (a glutathione S-transferase
gene) is overexpressed in the larval midgut after 6-12 h of
exposure to permethrin and glyphosate (Gui et al., 2009).
Likewise, the cytochrome P450 genes, CYP6P9 and
CYP6P4, are overexpressed 25 and 51 times, respec-
tively, in pyrethroid resistant An. funestus (Wondiji et al.,
2009). Also, increased activity of cytochrome P450
monooxygenase in pyrethroid resistant An. funestus is
related to overexpression of CYP6P9 (Matambo et al.,
2010). The results of the present study indicate that Las
infection reduced expression of certain CYP4 genes,
which may be associated with previously documented
reduced levels of cytochrome P450 monooxygenases,
also caused by Las infection (Tiwari et al., 2011c).

This is the first investigation to identify cytochrome
P450 genes and relative gene expression levels in unin-
fected and Las-infected D. citri adults. Other CYP genes,
in addition to those from family 4 identified here, may also
be involved in regulating levels of cytochrome P450
monooxygenases for detoxification processes in D. citri
and thus warrant further investigation. Also functional
studies of the proteins encoded by these genes are
needed to understand the relationship between Las infec-
tion and CYP gene expression.

Of the five CYP4 genes identified, expression of only
one (CYP4DA1) was statistically lower in Las-infected
than uninfected females, whereas levels of four genes
(CYP4DA1, CYP4C68, CYP4G70 and CYP4DB1) were
reduced in males in association with Las infection.
Expression levels of most of the identified genes were
comparable between uninfected males and females.
Although levels of the five CYP4 genes were not

Insect Molecular Biology © 2011 The Royal Entomological Society, 20, 733-744
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Figure 5. Relative expression levels of five CYP4 genes in Diaphorina citri males and females that were either uninfected or Las-infected. Ct values
were first normalized to the reference gene, Actin, followed by normalization to the treatment giving the lowest gene expression using the 22T method.
Values within graphs sharing the same letter are not significantly different (P = 0.05; Fisher’s protected LSD).

directly compared between males and females, relative
expression of CYP4C68 was =30-fold higher in
uninfected females than males. Further investigations
are needed to confirm gender-based expression speci-
ficity of CYP4 genes. Sex-specific expression patterns

of CYP4 genes have been reported previously and
examples include Ips pini (Sandstrom etal, 2006),
B. germanica (Wen & Scott, 2001), D. melanogaster
(Kasai & Tomita, 2003) and Ips paraconfusus (Huber
et al., 2007). Higher expression of CYP4C68 in unin-

© 2011 The Authors
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Figure 6. Relative expression levels of five CYP4 genes in Diaphorina citri adults (uninfected and mixed gender) exposed to varying concentrations of
imidacloprid. Ct values were first normalized to the reference gene, Actin, followed by normalization to the treatment giving the lowest gene expression
using the 22T method. Values within graphs sharing the same letter are not significantly different (P = 0.05; Fisher’s protected LSD).

fected female than male D. citri suggests their involve-
ment in female-specific physiological activities, such as
pheromone production, juvenile hormone biosynthesis
and/or reproduction.

Imidacloprid induction bioassay

The leaf dip method has been reported to result in greater
levels of P450 induction than the topical application method
(Baek et al., 2010), therefore, the leaf dip method was used
here to investigate induction of CYP4 genes as a result of
varying concentrations of imidacloprid in uninfected adult

© 2011 The Authors

D. citri. Induction observed after exposure to the 0.6 ppm
concentration for each CYP4 gene was significantly higher
than in controls suggesting that the LCs (0.47 ppm; Tiwari
etal., 2011b) is sufficient to induce gene expression.
Reduced expression of CYP4C67 after exposure of D. citri
to 1.0 ppm of imidacloprid suggests that a lethal concen-
tration of imidacloprid or its metabolites may have inhibited
expression of this gene. Expression of CYP4C67 was
22, 28, 20 and 43-fold higher than that of CYP4DA1,
CYP4C68, CYP4G70 and CYP4DB1 at the 0.4 ppm
dosage. Differences in CYP4 gene induction suggest that
imidacloprid may cause selective induction rather than
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Figure 7. Relative expression levels of five CYP4 genes in three development stages of Diaphorina citri. Ct values were first normalized to the reference
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letter are not significantly different (P = 0.05; Fisher’s protected LSD).

constitutive overexpression of P450 genes in D. citri.
However, further identification of P450 genes and optimi-
zation of exposure times and insecticide concentrations
are needed for a better understanding of specific induction
pathways. Reducing the duration of exposure and concen-
tration of insecticide should reduce physiological stress
and possible inhibitory effects on certain P450 genes. In
Plutella xylostella larvae, peak levels of P450 induction
were observed within 3 h of exposure at sublethal concen-
trations of cypermethrin (Baek et al., 2010).

The CYP4 genes reported here may provide a molecu-
lar tool for surveying field populations of D. citri for poten-

tial development of insecticide resistance. Given that
imidacloprid is one of the most commonly used insecti-
cides for D. citri management currently and that levels of
resistance to this insecticide have reached up to 34-fold in
2009 (Tiwari et al., 2011a), investigating the expression
levels of CYP4 genes may be particularly useful for sur-
veying resistance in field populations of D. citri. Induction
of one or more P450 genes has been reported in H. ar-
migera after exposure to permethrin (Wang & Hobbs,
1995); in D. melanogaster after exposure to DDT (Brandt
et al., 2002; Willoughby et al., 2006); and in P. xylostella
after exposure to cypermethrin (Baek et al.,, 2010). It is

© 2011 The Authors
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also possible that sublethal or lethal concentrations of
imidacloprid may indiscriminately induce other unidenti-
fied P450 genes. Therefore, identification of other P450
genes and description of their induction pathways in
D. citri is warranted. In addition, determining whether
other xenobiotics or insecticides of different modes of
action induce these genes will be useful with respect to
resistance monitoring for other modes of action.

Effect of developmental stage on CYP4 expression

Greater expression of CYP4 genes in nymphs than adults
is congruent with previous results obtained with H. armig-
era where expression of two homologous cytochrome
P450 mRNAs peaked during the larval stage (Ranasinghe
etal, 1997). Likewise, midgut CYP4 mRNA levels are
higher during the active feeding stage of M. sexta than
during non-feeding (prepupal and pupal) stages (Snyder
etal, 1995). In addition, expression of P450s occurs
during specific developmental stages. For example,
CYP6B2 is expressed in larval H. arimigera (Ranasinghe
et al., 1997), while CYP6D1 is expressed in adult Musca
domestica (Scott et al., 1996). The quantity of moulting
hormone produced during specific developmental stages
is known to influence expression of P450 enzymes.
For example, expression of CYP6A2 was elevated
in 20-hydroxyecdysone (moulting hormone)-treated D.
melanogaster (Spiegelman et al., 1997). Collectively, the
above investigations suggest that active feeding and
moulting are related to increased expression of specific
P450s in immature insects as compared with adults. With
respect to D. citri, greater expression of CYP4 genes in
immature stages than adults is congruent with greater
levels of cytochrome P450 monooxygenases (Tiwari
etal., 2011c).

In conclusion, this is the first report of CYP4 gene
sequences from D. citri. ldentification of these genes
should allow development of nucleic acid-based screen-
ing methods for cytochrome P450-mediated insecticide
resistance in field populations of D. citri. In addition, these
CYP4 genes could be targeted for RNA interference-
based silencing in highly resistant field populations of
D. citri. Induction of these CYP4 genes as result of imida-
cloprid exposure supports the hypotheses that they are
involved in metabolism of this insecticide. Greater expres-
sion of CYP4 genes during immature stages than the adult
stage suggests they may be involved in other physiologi-
cal processes in addition to detoxification.

Experimental procedures

Asian citrus psyllid culture

Uninfected and Las-infected D. citri were drawn from cultures
continuously reared at the Citrus Research and Education Center

© 2011 The Authors
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(CREC), University of Florida, Lake Alfred, FL, USA. The unin-
fected culture was established in 2000 using field populations
collected in Polk Co., FL, USA (28.0" N, 81.9” W) and maintained
on sweet orange (Citrus sinensis (L.) Osbeck) without exposure
to insecticides in a greenhouse at 27-28°C, 60-65% relative
humidity and a 14:10 (light:dark) photocycle. The Las-infected
D. citri culture was established in 2009 from the uninfected labo-
ratory population by rearing D. citri on Las-infected citrus seed-
lings in a separate greenhouse approved for rearing Las-infected
citrus plants and D. citri under the environmental conditions
described above.

RNA isolation and cDNA synthesis from Las-infected and
uninfected Diaphorina citri

Diaphorina citri adults reared on Las-infected host plants were
analysed using gPCR to confirm Las infection. DNA extractions
and gPCR were performed on specific body sections of D. citri:
head + thorax or abdomen sections of uninfected or Las-infected
males and females using methods described by Tiwari et al.
(2010, 2011b). Sections of D. citri found positive for Las were
retained and matched with their corresponding sections to be
used for subsequent RNA isolation, cDNA synthesis and qPCR,
as described below.

After an individual D. citri was confirmed for Las infection, it
was subjected to RNA isolation and cDNA synthesis. RNA
isolations were performed on pooled head + thorax and abdomi-
nal sections from Las-infected and uninfected males and females,
using the SV total RNA isolation kit (Promega, Madison, WI,
USA). RNA isolation was performed on groups of 40-50 psyllids.
Each treatment was replicated three times. Quality and quantity
of RNA from each sample was measured on a NanoDrop 1000
Spectrophotometer using Az and Asso/Azgo ratio, respectively
(Scharf etal., 2008), to ensure uniform quality and quantity
(100 ng/ul) among all treatments for subsequent cDNA synthesis.
Additionally, quality of RNA was assessed by visualizing the RNA
samples on 1% agarose gel. All RNA samples showed strong 18S
and 28S ribosomal RNA bands and no evident degradation.
cDNA was synthesized with the iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA) using pooled RNA. Briefly, cDNA was syn-
thesized in a 20 pl reaction volume containing 4 ul of 5x iScript
reaction mix, 1 ul of iScript reverse transcriptase, 8 ul of nuclease
free water and 7 pl of total RNA (100 ng/ul). Amplification cycles
consisted of 25°C for 5 min, 42°C for 30 min, 85°C for 5 min and
were held at 4°C. The PCR products were verified by 1% agarose
electrophoresis in (tris-acetate-EDTA) TAE buffer with ethidium
bromide staining.

Degenerate PCR, cloning and sequencing

cDNA templates from each treatment were used for degenerate
PCR using ‘set B’ degenerate CYP4 primers (Snyder et al., 1995)
following methods described by Zhou et al. (2006). The forward
and reverse primers, corresponding to the i-helix and heme-
binding regions of family 4 P450 genes, respectively, were
as follows: Forward = GAGGTIGAYACITTCATGTTCGARGGI-
CACGAYAC; Reverse = CTGICCGATRCAGTTICGBGGICCIGC-
SIWGAABG. PCR reactions were conducted using iQ SYBR
Green Supermix (Bio-Rad) and a temperature cycle consisting of
94°C for 4 min, 5 cycles of 94° for 30 s, 45° for 30 s and 72° for
30 s, followed by 30 cycles of 94° for 30 s, 55° for 30 s and 72° for
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Table 2. Quantitative real-time PCR primer details

Gene Accession No. Forward primer (5" to 3) Reverse primer (5" to 3)
CYP4 Genes
CYP4C67 JF934716 TGGAACGTGTCATCAAGGAG CCGGATTGAAACTGTTAGGC
CYP4DA1 JF934718 AGTGGTGTCGGAAATTGAGG GTTCGAGCCACCTGGAGATA
CYP4C68 JF934717 CTAGCCTGGACCCTCTTCCT ACCCTCCCTATGAACGGAAC
CYP4G70 JF934720 GCCGGAAGTTCTTTCTTCCT TAACGGGTACTGGTGGGAAC
CYP4DB1 JF934719 CTGTACGCTCTGGGACATCA TTGAGCGGTGCATAGAGTTG
Reference genes
Alpha-tubulin DQ675542 CAGGTCTTGTGTGGGACGTA GGCCACAGTTTGTTTCTTGC
Actin DQ675553 CCCTGGACTTTGAACAGGAA CTCGTGGATACCGCAAGATT
NADH-dh DQ673395 GAAACACACTGCTCTGATTCCA TACTGCTTGCCATCCCTGA
wg AF231365 GCTGAATCCGTACAATCCTGA CCCACAGCACATCAGATCAC

30 s, then 72° for 8 min. PCR products were verified by 1%
agarose electrophoresis in TAE buffer with ethidium bromide
staining. PCR products of expected size (450 bp) were excised
and purified using the Qiagen gel extraction kit (Qiagen, Valencia,
CA, USA).

Cloning and sequencing of each treatment followed methods
described by Zhou et al. (2006). Briefly, 3 ul of purified PCR
products were cloned using a pGEM-T vector (bGEM-T Easy
Vector system kit; Promega). This was followed by heat-shock
transformation of JM-109 competent cells (Promega) along with
ligation reaction. Transformed cells were allowed to grow on
Luria-Bertoni-agar plates containing ampicillin, x-gal and IPTG.
Plates wereLuria-Bertoni incubated overnight at 37°C for colonies
to develop. Positive white colonies were picked and allowed to
grow overnight in individual wells of 96-well culture plates con-
taining 0.5 ml LB media prepared with 8% glycerol and 0.1 mg/ml
ampicillin. High-throughput plasmid isolation and sequencing
were performed by the University of Florida Genomics Core
Facility, Gainesville, FL.

Sequence analysis was performed using parameters described
by Zhou et al. (2006).

High-quality sequences obtained from cloning were trimmed of
vector and primer sequences, and searched in Blastx for the
non-redundant arthropod database. All sequences with significant
identity to cytochrome P450 genes were assembled into contigs
using SegMan software (DNA Star, Madison, WI, USA).
Sequence identities, amino acid translations and alignments were
generated using MegAlign (DNA Star). After the selected
sequences were aligned, phylogeny was determined using
PhyML software based on the maximum likelihood method
(Dereeper et al., 2008) and Bootstrap values determined from
100 replicates. Unique contigs were sent to Dr David Nelson
(University of Tennessee, Memphis, TN, USA) for classification
and nomenclature assignment.

Quantitative real-time PCR

Quantitative real-time PCR was performed using iQ SYBR Green
Supermix with an iCycler iQ real-time PCR detection system
(Bio-Rad). Primers for the five CYP4 genes and the reference
gene, Actin, are reported in Table 2. Primers for five CYP4 genes
as well as the reference genes were designed with the Primer 3
program. Primers were designed to provide products of 200 *+ 25
base-pairs (bp) within putative open reading frames, 45-55%
guanine-cytosine content and Tr, = 57—62°C. Forward and reverse
primers were checked for non-complementarity and pyrimidine

nucleotides on their 5" and 3’ ends. For all gPCR experiments, the
production of gene-specific products and absence of ‘primer-
dimers’ was verified by 1% agarose electrophoresis in TAE buffer
with ethidium bromide staining. Briefly, qPCR was performed in a
20-pl reaction volume containing 10-ul of SYBR mix, 1-ul of cDNA,
1-ul of each forward and reverse primers and 7-pl of nuclease-free
water. Amplification cycles consisted of an initial denaturing step at
95°C for 10 min, followed by 45 cycles of 94°C for 30 s, 60°C for
30 s, and 72°C for 30 s, an extension step at 72°C for 10 min, and
the final melting-curve step (90 cycles of temperature reduction
from 90°C to 50°C at a rate of 0.5°C/10 s). Six biological replicates
were performed per gene per experiment.

To compare the relative expression of each gene among treat-
ments, we used the 224°T method (Livak & Schmittgen, 2001) by
normalizing to Actin (reference gene) gene expression, followed
by normalization to the treatment giving the lowest gene expres-
sion. Separate ANOVA tests were performed to compare the rela-
tive expression of each gene between uninfected and Las-
infected males and females. One-way ANOVA was performed to
compare the relative expression between concentrations of imi-
dacloprid tested for each gene. Likewise, one-way ANOVA was
also performed to compare differences in relative expression
between developmental stages for each gene. All ANOVAs were
followed by Fisher's protected LSD tests for mean separation
(PROC GLM) (SAS Institute, 2004).

CYP4 expression in Las-infected and uninfected D. citri

CYP4 expression was quantified in four types of D. citri samples:
uninfected male, uninfected female, Las-infected male and Las-
infected female. Each type of D. citri was considered as a treat-
ment. Las infection in D. citri was confirmed using methods
described earlier. Each type consisted of =40-50 individuals of
similar age. Individuals from each type were subsequently pro-
cessed for RNA isolation, cDNA synthesis and gPCR, using the
methods described above. Before cDNA synthesis, quality and
quantity of RNA from each type was measured using methods
described earlier.

Imidacloprid induction bioassay

Imidacloprid (Provado 1.6F, Bayer CropScience LP, Research
Triangle Park, NC, USA) was serially diluted in water to prepare
various concentrations. Induction of cytochrome P450 monooxy-
genases at the protein level was conducted previously using a
similar Petri dish bioassay (Prabhaker et al., 2006; Tiwari et al.,
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2011a). Fresh citrus leaves collected from Valencia orange trees
maintained in a CREC greenhouse were used in bioassays. Leaf
discs (60 mm diameter) were excised, dipped in test insecticide
dilutions for 30 s and allowed to air dry in a fume hood for 1 h prior
to bioassays. For the control treatment, leaf discs were dipped in
distilled water alone. After 1 h, leaf discs were placed on agar
beds within 60 mm diameter plastic disposable Petri dishes
(Fisherbrand; Thermo Fisher Scientific, Waltham, MA, USA), and
20-25 uninfected adult D. citri of mixed gender and similar age
were transferred into each dish using a camel hair brush. Petri
dishes were wrapped with parafilm (Pechiney Plastic Packaging,
Chicago, IL, USA) to prevent escape of adults. Sealed Petri
dishes with adults were transferred into a growth chamber (Per-
cival Scientific, Inc., Perry, IA, USA) setat 25 = 1°C, 50 = 5% RH
and a 14:10 h light:dark photoperiod. Each concentration of an
insecticide was replicated 3 times (n = 60-75 adults per concen-
tration). Mortality of D. citri was assessed 48 h after transfer into
the growth chamber. Live D. citri (n= 20 adults per concentration)
from each concentration (treatment) were collected for RNA iso-
lation, cDNA synthesis and qPCR, using the methods described
above. Before cDNA synthesis, quality and quantity of RNA from
each treatment was measured as described earlier.

Effect of developmental stage on CYP4 expression

CYP4 expression was quantified for three developmental stages
of uninfected D. citri: 2nd and 4th instar nymphs, and adults. Each
stage was considered as a treatment. Approximately 40-50 indi-
viduals of similar age from each developmental stage were
obtained from the culture and adults were of mixed gender. Each
treatment was subsequently processed for RNA isolation, cDNA
synthesis and gPCR, using the methods described above in three
replicates. Before cDNA synthesis, quality and quantity of RNA
from each treatment was measured as described earlier.
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