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Bark beetles oxidize the defensive monoterpenes of their host trees both to detoxify them and convert them into
components of their pheromone system. This oxidation is catalyzed by cytochrome P450 enzymes and occurs in
different tissues of the insect, including the gut (i.e., the site where the beetle's pheromones are produced and ac-
cumulated) and the antennae (i.e., the olfactory organs used for perception of airborne defensivemonoterpenes as
well as other host-associated compounds and pheromones). We identified ten new CYP genes in the pine beetle
Dendroctonus rhizophagus in either antennae or gut tissue after stimulation with the vapors of major host mono-
terpenesα-pinene, β-pinene and 3-carene. Five genes belong to the CYP4 family, four to the CYP6 family and one
to the CYP9 family. Differential expression of almost all of the CYP geneswas observed between sexes, andwithin
these significant differences among time, stimuli, anatomical region, and their interactions were found upon ex-
posure to host monoterpenes. Increased expression of cytochrome P450 genes suggests that they play a role in
the detoxification of monoterpenes released by this insect's host trees.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Several highly efficient enzyme systems (cytochrome P450, glu-
tathione S-transferases and esterases) have evolved in herbivorous
insects for metabolizing plant defensive chemicals to less toxic or
more soluble compounds (Dowd et al., 1983; Feyereisen, 1999;
Guengerich, 1990; see Schuler, 2011 and citations therein). Cyto-
chrome P450 enzymes constitute an ancient multi-gene family
that is highly variable, diverse, and widely distributed throughout
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the phylogenetic scale (Keeling and Bohlmann, 2006; Nelson, 2011;
Nelson and Strobel, 1987). Insect cytochrome P450 enzymes carry out
aerobic oxidations on a diversity of organic molecules that are endoge-
nous, exogenous, synthetic or natural. Cytochrome P450 enzymes are
encoded by microsomal and mitochondrial CYP genes and each P450
is assigned to a family (designated by a number) and subfamily (desig-
nated by a letter) (Feyereisen, 1999).

For pine bark beetle species that infest living trees, survival and re-
productive success depend on their capacity to overcome the defense
mechanisms of their hosts (Christiansen et al., 1987; Franceschi et al.,
2005). Pines release both constitutive and induced oleoresins into the
beetles' mines within the phloem tissue, and these can physically re-
strict beetle movement and thereby hinder colonization (Franceschi
et al., 2005; Hanover, 1975). In addition, monoterpenes present in the
resin, including α-pinene, β-pinene, myrcene, limonene and 3-carene,
can injure or kill insects through their toxic effects (López et al., 2011;
Smith, 1965). Pine bark beetles complete their life cycle entirely within
the bark of host trees, and thus both adults and offspring are invariably
exposed to high concentrations of these monoterpenes (Wood, 1982).

There is much direct and indirect evidence that bark beetles can ox-
idize a broad range of known or potentially toxic substrates with cyto-
chrome P450 enzymes, and it is speculated that this capacity may
represent an evolved response against host defensive chemicals (see
Seybold et al., 2006 and citations therein). On the other hand, some of
the pheromone components ofmany bark beetle species are oxygenated
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monoterpenes possessing carbon backbones identical to monoterpenes
of their host trees. Evidence suggests that P450 enzymes are in-
volved in this pheromone synthesis through both the oxidation of
host-derived monoterpene precursors and the transformation of in-
termediate compounds produced in endogenous metabolic routes
(Aw et al., 2010; Huber et al., 2007; Hunt and Smirle, 1988; Vanderwell
and Ochlschlager, 1987; White et al., 1979, 1980). Studies combining
biochemical, molecular and functional genomics techniques recently
demonstrated that cytochrome P450 enzymes encoded by orthologous
genes CYP9T1 and CYP9T2 in the midgut of male I. confusus LeConte and
I. pini (Say) are able to oxidize myrcene into (4R)-(−)-ipsdienol, an ag-
gregation pheromone component produced by males of these species
(Figueroa-Teran et al., 2012; Sandstrom et al., 2006, 2008). These results
confirmed that these enzymes have a biochemical function associated
with the de novo biosynthesis ofmonoterpenoid aggregation pheromone
components within the midgut and possibly the fat body of bark beetles
(Blomquist et al., 2010).

Dendroctonus rhizophagus Thomas and Bright is endemic to the
northern portion of the Sierra Madre Occidental in northwestern Mexico
(Mendoza et al., 2011), where it colonizes exclusively seedlings and
young saplings (heightb3 m) of 11 pine species. This aggressive bark
beetle infests both commercial plantations and areas of natural regenera-
tion and has one generation per year. Typically, individual pine tree hosts
are killed and colonized by merely one or a few beetle pairs, thus this
species lacks the communal mass-attack behavior typical of this genus
(Sánchez-Martínez and Wagner, 2009; Thomas and Bright, 1970). Elec-
trophysiological assays have shown that the antennae of D. rhizophagus
possess a high degree of olfactory sensitivity to host monoterpenes
α-pinene,β-pinene and 3-carene (Cano-Ramírez et al., 2012). In addition,
oxygenated monoterpenes including cis-verbenol, trans-verbenol,
verbenone, myrtenal and myrtenol have been identified in the midgut
and hindgut of this species (Cano-Ramírez et al., 2012), and field tests
suggest that trans-verbenol may be a sex pheromone in this species
(C. Cano-Ramírez, unpublished data).

The purpose of our study was to identify and characterize the expres-
sion profile of cytochrome P450 genes in unfedD. rhizophagus individuals
exposed to racemic α-pinene, (R)-(+)-α-pinene, (S)-(−)-α-pinene,
(S)-(−)-β-pinene and (+)-3-carene. These compounds were chosen
because they produce an attractive behavioral response on this bark
beetle (Cano-Ramírez et al., 2012) and because they are the most
abundant monoterpenes in the oleoresin of this beetle's principal
hosts, Pinus arizonica Engelm. and P. engelmannii Carr. (Smith, 2000).

We investigated CYP expression specifically in the antennae
because studies of other insect systems indicate that antennal
P450s function as odor degrading enzymes (ODEs) for pheromones
(Maïbèche-Coisne et al., 2004a; Wojtasek and Leal, 1999) and host-
plant volatiles (Dickens et al., 1992); these P450s presumably assure
signal deactivation by eliminating odorants from the olfactory sensilla
following stimulation. Bark beetles depend on their antennae to per-
ceive a diversity of airborne chemicals that mediate host location and
discrimination, mate selection and courtship, attack density regulation,
and avoidance of interspecific competition (Byers, 1995). Hence anten-
nal P450 enzymesmay be necessary for bark beetles to perceive and re-
spond appropriately to their olfactory environment. Further, we studied
the gut because its tissues are involved in the detoxification processes of
many insects (Kasai et al., 2000; Tartar et al., 2009), and the biosynthe-
sis of pheromones in both Ips and Dendroctonus bark beetles has been
demonstrated to occur in the anterior midgut (see Blomquist et al.,
2010 and citations therein).

2. Material and methods

2.1. Insects and treatments for CYP gene diversity

Pre-emergent, unfed adult D. rhizophagus were collected directly
from naturally infested Arizona pines (P. arizonica Engelm.) in the
Predio La Laja I, San Juanito, Bocoyna Municipality, Chihuahua, Mexico
(27° 55′ 54.9″Nand 107° 35′ 54.6″W; at 2452 m) in June 2008. The bee-
tles were stored in plastic containers with a moistened paper towel at
4 °C, transported to the laboratory and starved for two weeks at 4 °C.

Five groups of 12 unfed beetles (1:1 sex ratio) were placed in glass
Petri dishes (100 mm×15 mm) lined with dry filter paper and inde-
pendently exposed to the vapors of racemic α-pinene (98% chemical
purity, 1:1 enantiomeric ratio), (R)-(+)-α-pinene (98%), (S)-(−)-α-
pinene (98%), (S)-(−)-β-pinene (99%) and (+)-3-carene (90%) for
24 h at 8 °C under conditions of darkness. All compoundswere obtained
from Sigma Aldrich, St. Louis, MO, USA. A neat monoterpene 0.5 mM
(López et al., 2011) was applied to the filter paper immediately prior
to placement of beetles into the dish (not on the monoterpene applica-
tion area), and then the dish was closed and sealed with Parafilm, to
minimize the diffusion of these compounds out of the dishes.

Immediately following terpene exposure, beetles (n=60) were
immersed in phosphate buffer solution (PBS) and dissected. The
antennae were removed directly from the insects, and the gut was dor-
sally extracted after the elytra and wings were removed. The gut was
separated from the fat body and the Malpighian tubules and sectioned
into foregut, midgut and hindgut (after Díaz et al., 1998). The antennae
and gut sections from insects of each treatment were separately placed
into Eppendorf vials with 0.2 μl of Trizol® (Invitrogen Corp., Carlsbad,
CA, USA) and macerated completely using a sterile pestle. Then each
vial was topped with 1 ml Trizol and stored at −80 °C for posterior
RNA extraction.

2.2. RNA isolation and cDNA synthesis

Total RNA isolation of the antennae and gut regions was conducted
following the protocol provided in the Trizol® kit. The integrity of the
total RNA was visually assessed on a denaturing formaldehyde 1%
agarose gel that was stained with 10 μg/ml ethidium bromide (EtdBr)
at room temperature (Sambrook et al., 1989). The cDNA was synthe-
sized from 1 μg of total RNA following the protocol provided with the
MMLV-RT Moloney Murine Leukemia Virus Reverse Transcriptase
enzyme (Invitrogen) kit and using the Oligo (dT) 12–18 primer
(GE Healthcare, Buckinghamshire, UK).

2.3. Degenerate polymerase chain reaction, cloning and sequence analyses

The synthetized cDNA from the antennae, foregut, midgut and hind-
gut fromeachmonoterpene treatmentwas used as the template in all of
the PCR. Pairs of degenerate primers (Supplementary material Table 1)
were used to screen the putative P450 cDNA from the CYP4 (clade 4),
CYP6 (clade 3) and CYP9 (clade 3) families, which are involved in de-
toxification processes (Feyereisen, 2006). We did not look for CYP2
genes because this clade is implicated in reactions during insectmolting
andmetamorphosis (Namiky et al., 2005). The CYP4 genes were ampli-
fied following Snyder et al. (1996), except for the Tm, which was 49 °C;
the CYP6 and CYP9 genes were amplified following Dunkov et al.
(1996). PCR was performed in a Biometra T Thermocycler (Biometra,
Göttingen, Germany) using 30 μl reactions containing 2 μl cDNA, 1×
Taq polymerase buffer, 2.5 mM MgCl2, 0.2 mM dNTPs, 0.33 μM of
each primer, and 1.5 U of recombinant Taq polymerase (Invitrogen
Life Technologies, Sao Paulo, Brazil). The reaction conditions were an
initial 5-min step at 94 °C followed by 35 cycles of 60 s at 94 °C, 60 s
at 50 °C and 60 s at 72 °C, and a final extension for 5 min at 72 °C.
The PCR products were visualized on 1% agarose gels stained with
10 μg/ml EtdBr and compared with a 100-base pair (bp) DNA ladder
(Gibco, BRL, Gaithersburg, MD, USA). The amplicons were then purified
with theGFX PCRDNAkit (AmershamBiosciences, UK) and/or Gel Band
Purification kit (GE Healthcare), and each reaction product was cloned
using the pDrive Cloning® Kit (Qiagen, Valencia, CA, USA).

The cloning reactions were transformed in chemically competent
DH5α cells of Escherichia coli (Sambrook et al., 1989). The transformants



49C. Cano-Ramírez et al. / Gene 520 (2013) 47–63
(blue-white colonies) were selected on Km/LB/Xgal/IPTG plates. Ten
colonies of each treatment for each gene (ntotal=320)were grown over-
night in Km/LB broth and the plasmid DNAwas extracted by the alkaline
lysis method (Sambrook et al., 1989). The insertion was verified by a
simple restriction with the EcoR1 enzyme (Invitrogen) and visualized
on1% agarose gels. The recombinant plasmidswere purified for sequenc-
ing using the QIAquick® PCR Purification Kit (Qiagen). A total of 230
clones with the inserts were sequenced using a CEQ 8000 Genetic
Analysis System and Quick Start Master Mix® 2× (Beckman Coulter,
Fullerton, CA).

2.4. Identification of CYP variants

Fragments of ≈400 to 500 bp were subjected to Blastx searches
against the NCBI database. Putative P450 gene sequences weremanual-
ly edited with SEAVIEW v 4.2.5 (Gouy et al., 2010) to achieve positional
homology with the variants that matched. The deduced amino acid se-
quences were obtained with the ExPasy Translate Tool (http://www.
expasy.org/tools/dna.html) and were then once more subjected to a
BLASTp search (Altschul et al., 1990) against the NCBI database. A mul-
tiple sequence alignment of the P450 proteins was conducted with
CLUSTAL X v 2.0.10 (Thompson et al., 1997) using default parameters.
To recognize the different CYP variants that were expressed in the an-
tennae and gut tissue in 239 clones, a phylogenetic reconstruction anal-
ysis was performed using maximum likelihood (ML) with LRT-PHYML
(Guindon and Gascuel, 2003). The CYP topology was used to identify
groups, but not to establish phylogenetic relationships. Before the ML
analysis, we determined an appropriate model of protein evolution
and model parameters using both the Akaike Information Criterion
Corrected (AIC=10447.15, − lnL=−4714.58) and the Bayesian
Information Criterion (BIC=11925.9, − lnL=−4714.58) tests, imple-
mented in PROTEST v 2.4 (Abascal et al., 2005). Both tests supported
the LG+I+Gmodel (Le andGascuel, 2008)with an estimated propor-
tion of invariable sites (I=0.038) and gamma shape of 2.513. We
chose to optimize the topology of the tree rather than the branch
length. To estimate the support for each node, the approximate like-
lihood ratio test (aLRT, Anisimova and Gascuel, 2006) with the
Shimodaira–Hasegawa-like procedure option was used. As outgroup
sequences for this analysis, we used Tribolium castaneum Herbst
(CYP4: accession no. AAF70496), I. paraconfusus (CYP4: accession no.
ABF06544, ABF06546, ABF06550, ABF06553), Dendroctonus ponderosae
Hopkins (CYP4: accession no. AFI45016, AFI45017, AFI45019, AFI45021,
AFI45022), Helicoverpa armigera (Hübner) (CYP4: accession no.
AA033078), D. ponderosae (CYP6: accession no. AFI45024, AFI45025,
AFI45026, AFI45027, AFI45036, AFI45040, AFI45041), An. minimus
(CYP6: accession no. ANN05727), D. ponderosae (CYP9: AFI45045
and AFI45046) and I. confusus (CYP9: ACK37844). To determinewheth-
er the sequences that were included within the main groups' output
from the phylogenetic analysis actually belonged to the same CYP fam-
ily, the identity percentages among the amino acid sequences were es-
timated using MatGAT v. 2.01 (Campanella et al., 2003). Our cut-off for
considering one sequence within the same family was b40%, an upper
limit similar to those established by the International P450 Nomencla-
ture Committee (Nelson et al., 1996).

2.5. End sequence determination and cloning of full-length cDNAs

The complete sequences of CYP genes identified in the phylogenetic
analysis were achieved with the RNA ligase-mediated rapid amplifica-
tion of the 5′ and 3′ cDNA ends (RLM-RACE) kit (Invitrogen). The total
RNA of both the antennae and the gut of unfed bark beetles stimulated
for 24 h with racemic α-pinene was obtained, following the protocol
described in the RiboPure® Kit (Ambion, Inc., Austin, TX, USA); its in-
tegrity was checked on denaturing formaldehyde 1% agarose gels.
The total RNA quantification was done by spectrophotometry with
a Beckman Coulter TU800 (Beckman Coulter, Inc., Brea CA, USA).
The purity was estimated by mean of relation A260/A280 (μg/ml=
A260×dilution factor×40). Partial sequences were used in the primer
design and PCR was carried out following the protocol described in
the RLM-RACE kit. The amplicons were purified, cloned and sequenced
as previously described. The complete sequences were compared using
a BLASTp search with those deposited in GenBank (Altschul et al.,
1990).

To avoid chimera sequences, we designed specific primers (Supple-
mentary material Table 1) based on the complete sequences obtained
for each CYP gene with RACE; these specific primers, were used to
amplify the complete DNA for each gene. Amplification reactions were
carried out in 25 μl volumes containing: 2 μl cDNA from a 1:10 dilution,
1× high fidelity PCR buffer, 2.0 mMMgSO4, 0.2 mM dNTPs, 0.33 μM of
each primer (Invitrogen), and 1.25 U of Platinum® Taq DNA polymer-
ase high fidelity (Invitrogen). Touchdown PCR was performed as fol-
lows: 2 min at 94 °C, 5 cycles of 30 s at 94 °C, 2 min at 72 °C, 5 cycles
of 30 s at 94 °C, 2 min at 70 °C, 35 cycles of 60 s at 94 °C, 60 s at
68 °C, 60 s at 68 °C, and then a final extension of 10 min at 68 °C.
PCR products of ≈1500 bp were visualized on 1% agarose gels, pu-
rified, cloned and sequenced in both strands as previously de-
scribed. The deduced amino acid sequences were submitted to the
P450 nomenclature committee and names assigned based upon
their criteria for the classification of CYP genes (D. Nelson Depart-
ment of Molecular Sciences, University of Tennessee, personal com-
munication). All sequences were deposited in GenBank (accession no.
HQ113133–HQ113142).
2.6. Analysis of full length cytochrome P450 sequences

The molecular mass (kDa) and isoelectric point (PI) of each se-
quence were determined using the ProtParam program (Gasteiger
et al., 2005). The ten fully sequenced CYP genes were grouped in
three alignments. For each alignment, the sequences from I. paraconfusus
(CYP4G27: accession no. ABF06553), and T. castaneum (CYP6BK17,
XP_969813 and CYP9Z4, NP_001164248) were selected as a representa-
tive set from GenBank. Crystal structure data for the mammalian P450
CYP3A4 (PDB code 1TQN) protein were downloaded from the RCSB
(Brookhaven protein data bank) website (http://www.rcsb.org/) and
used as the template for the secondary structure. The program ESPript
(Gouet et al., 2003) was used for the assignment of secondary structure
elements onto the corresponding aligned sequences, and the substrate
recognition sites weremanually indicated based on the CYP3A4 enzyme
information. All putatively functional D. rhizophagus P450 proteins were
checked for likely sub-cellular localization using the TargetP program
(http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2000)
and WoLF PSORT (http://wolfsport.org/) (Horton et al., 2007) with the
default parameters.
2.7. Insects and treatments for RT-qPCR

Pre-emerged insects of D. rhizophagus were collected as described
above. Beetles were housed in vented plastic containers with moistened
paper at 4 °C for up to 15 days before use. Insects were sexed according
to the shape of the seventh abdominal tergite (Lyon, 1958). Ten groups
(5♀and 5♂) each of them integrated by 20 unfed beetles were placed
in glass Petri dishes and stimulated independently with 100 μl of
the following monoterpenes: 1 M of α-pinene (1:1 racemic mix),
(R)-(+)-α-pinene, (S)-(−)-α-pinene (S)-(−)-β-pinene and (+)-3-
carene. Ten insects of each group and treatment were dissected at 8
and 24 h after stimuli. Two groups additional of ten non-stimulated in-
sects by each sex were dissected at beginning of the experiment (time
zero) and used as control groups. The expression of all genes was re-
ferred to this time zero. The antennae and each gut sections of the in-
sects were removed and processed as previously described.
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2.8. RNA isolation and cDNA synthesis for expression analyses

The total RNA isolation of the antennae and gut sections were made
following the protocol described in the RiboPure® Kit and its integrity
was checked in 1% agarose gels. The cDNA synthesis was done using
the protocol described in the High Capacity RNA to Cdna® Kit (Applied
Biosystems, Foster City CA, USA) using 2 μg total RNA in a 20 μl final re-
action volume. The synthesis cDNA programwas: 37 °C for 60 min and
95 °C for 5 min. A non-reverse transcription assay was performed to
evaluate the DNA absence in the RNA extraction. The cDNA was stored
to−20 °C.

2.9. RT-qPCR

For each target gene, two primers and a probe were designed
by Applied Biosystems (Supplementary material Table 2). All probes
were deposited in the NCBI Probe database (Accession no. 27564573-
27564583). The TaqMan® hydrolysis probes were labeled in the 5′ end,
with reporter dye 6-carboxyfluorescein (FAM) and in the 3′ end was
joint to a quencher non-fluorescent molecule group MGB (Minor Groove
Binder). The reaction was carried out on the Step One® TM Real-Time
(Applied Biosystems) under the following conditions: each PCR reaction
contained 20× primer and probes with a final concentration of 900 nM
for each primer, 250 nM for each TaqMan probe, TaqMan® Universal
Master Mix II (Applied Biosystems) and 5 μl of the diluted cDNA
sample in a final volume of 20 μl. All samples were place in a Fast
Optical 48-well reaction plate (MicroAMO™, Applied Biosystem). The
manufacturer's standard amplification conditions were used: 50 °C for
2 min, 95 °C for 10 min and 40 cycles at 95 °C for 15 s and 60 °C for
60 s. PCR contaminations were not detected in the no template control
(NTCs). The experiment was replicated three times (biological repli-
cates) each of them with three technical replicate.

To estimate the qPCR efficiency and validation for each gene, a linear
regression analysis was performed between the mean values of quantifi-
cation cycles (Cq) of different dilutions (1.0, 0.2, 0.04, 0.008, 0.0016 μg/μl)
of cDNAs and its initial concentration. These dilutions are made from a
cDNAs pool and 5 μl of each dilution are taken as qPCR template, which
is performed for each gene three times. The PCR efficiencywas estimated
with the relation: efficiency=(10−1/slope−1)×100, where the efficien-
cy value was of−3.32±0.02. The PCR validation was estimated directly
from R2 values, which were >0.96. All amplicons were visualized in 1%
agarose gel electrophoresis to evaluate their specificity.

2.10. Reference gene validation experiment

To determine the most stably transcribed reference gene, a
validation of cytoplasmic β-actin, 18S rRNA, and CYP4G55v1 from
D. rhizophagus was performed. The genes β-actin and 18S rRNA
primers were taken from Rongnoparut et al. (2003) and McKenna
et al. (2009) respectively. PCR products of ≈500 bp were visualized
on 1% agarose gels, purified, cloned and sequenced as previously de-
scribed. For cytoplasmic β-actin gene newprimerswere designed (Sup-
plementary material Table 1), and a PCR product of ≈200 bp was
obtained and tested in semi quantitative-PCR tests with negative re-
sults. On the other hand, for 18S rRNA gene, two primers and a probe
were designed by Applied Biosystems (Supplementary material
Table 2) and used in RT-qPCR. Ct values from 18S rRNA and all
of the D. rhizophagus CYP4, CYP6 and CYP9 were analyzed with
the geNorm (Vandesompele et al., 2002) and NormFinder (Andersen
et al., 2004) algorithm in the Genex Light software package (http://
www.multid.se). CYP4G55v1 was the most stable expression under
our conditions and was used as a reference gene to normalize the
data, except when the transcript levels of CYP4G55v1 was analyzed,
wherein we used the 18S rRNA (the next most stably transcribed
gene).
2.11. Statistical analysis

Relative expression values for all genes were determined using the
Ct (ΔΔCT) method (Livak and Schmittgen, 2008) and analyzed with
Microsoft Excell 2010 (v.14.0.61295000). Outlier values identified by a
PCR machine were excluded from our analysis. To evaluate significant
differences in the expression for each gene 2−ΔΔCT values transformed
at log10+1 were subjected to one-way ANOVA to know if the expres-
sion gene was different between sexes. If significant differences were
found, then a three-way ANOVAwas performed by sex to assay the ex-
pression of gene among anatomical regions (antennae, foregut, midgut
and hindgut), stimuli (α-pinene (1:1 racemic mix), (R)-(+)-α-pinene,
(S)-(−)-α-pinene (S)-(−)-β-pinene and (+)-3-carene) and time (0 h,
8 h and 24 h). A Tukey's test was performed to know where the differ-
ences among these factors occur. The 2−ΔΔCT values and standard error
(SE) were transformed at log2 for their graphing. All statistical analyses
were performed with SigmaStat 3.5 software.

3. Results

3.1. Identification of cytochrome P450 genes

TenCYPgene groups (five CYP4, four CYP6, and oneCYP9)were found
in the ML-phylogenetic analysis with putative cytochrome P450 partial
gene sequences from239 clones (Fig. 1). All groups had strong nodal sup-
port values (aLRT>70%) (Fig. 1). The amino acid sequence identity (AAI)
among sequences of the same group was high (>85%) and variable with
respect to the reported sequences (27.4%bAAIb96.0%; higher match
score in GeneBank, NCBI) (Supplementary material Table 3).

BLAST search analyses indicated that the CYP genes expressed in the
antennae and gut regions of D. rhizophagus resemble members of the
CYP4 (clade 4), CYP6, and CYP9 (clade 3) families in other insects
(Supplementary material Table 3). Genes from the CYP4 family shared
the higher AAI with variants from the beetles Dendroctonus ponderosae
Hopkins, Tribolium castaneum and Ips paraconfusus; and genes from the
CYP6 and CYP9 families with variants from D. ponderosae.

3.2. Full-length of CYP genes

The full-length of the genes varied from 1581 bp (CYP4BD5v1) to
1902 bp (CYP9Z2Dv1) and their open reading frame (ORF) varied
between 1488 bp (CYP4BQv1) and 1686 bp (CYP4G55v1) (Table 1). All
ORFs encoded about 500 amino acids (aa). The CYP genes were flanked
by 5′ and 3′ UTRs (untranslated regions), whose length varied from 24
to 90 bp and 24 to 225 bp, respectively. The predicted molecular mass
varied from 57 (CYP4BQ1v1) to 64 kDa (CYP4G55v1), and the isoelectric
point varied from 6.75 (CYP4G56v1) to 9.2 (CYP6DG1v1) (Table 1).With
the exception of the P450 enzyme encoded by the CYP4G55v1, the
predicted sub-cellular location of the P450 proteins showed that they
putatively code for a typical microsomal signal peptide of approximate-
ly twenty hydrophobic residues that are likely membrane anchors in
the endoplasmic reticulum. In contrast, the predicted sub-cellular loca-
tion for the P450 enzyme encoded by the CYP4G55v1, suggests a cyto-
plasmic location (Table 1).

The complete amino acid sequences showed the typical conserved
P450 domains, including the heme-binding region (FXXGXRXCXG)
near the C-terminal end, the PERF domain (PXRX) and the K-helix
(EXXR) (Figs. 2–4). The alignment and comparison of the deduced
amino acid sequences of D. rhizophagus with respect to the CYP3A4
sequence from mammal, the CYP4G27 sequence from I. paraconfusus,
and the CYP6BK17 and CYP9Z4 sequences from T. castaneum allowed
the identification of six putative substrate recognition sites (SRSs),
which are located in regions with variable structural elements. Based
on the CYP3A4 secondary structure, 18-α helices and 9-β sheets were
recognized (Figs. 2–4). The AAI varied from 44.9% (CYP6DG1v1) to
96.8% (CYP4G56v1) with respect to the cytochrome P450 enzymes



Fig. 1. Maximum-likelihood tree of cytochrome P450 genes from D. rhizophagus based ≈166 amino acid sequences using the LG+I+G model with an estimated proportion of in-
variable sites (I=0.038). T. castaneum (CYP4Q7), I. paraconfusus (CYP4AY1, CYP4BD1, CYP4BG1, CYP4G27), I. confusus (CYP9T1), D. ponderosae (CYP4BD4v1, CYP4BD4v2, CYP4BQ1,
CYP4g55, CYP4g56, CYP6DJ1, CYP6DJ2, CYP6DG1, CYP6BW1, CYP6BW2, CYP6BW3, CYP6BW4, CYP9Z18, CYP9Z19), H. armigera (CYP4G9) and An. minimus (CYP6AA3) were used as
the reference sequences. The accession numbers of GenBank sequences are shown in brackets. The (n) indicates the number of clones obtained for each CYP gene, and the branch
support and aLRT values are shown at the nodes.
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from D. ponderosae, I. paraconfusus and T. castaneum (Supplementary
material Table 4).

3.3. Quantitative expression of CYP genes

CYP4BD5v1 gene: Statistically significant differences in the tran-
script expression levels were found between sexes of D. rhizophagus
(one-way ANOVA, F=413.57, df=1, pb0.001). The females expressed
the gene in all anatomical regions with some stimuli and time (Figs. 5A,
C, E and G) and the males mainly in the foregut with all monoterpenes
and enantiomers at 8 and 24 h (Fig. 5D), also this gene were expressed
in the antennae at 24 h with (+)-3-carene. Based on this result, a
three-way ANOVA (Tables 2 and 3) and Tukey tests corresponding
(Table 4) for each sex revealed significant differences in the expression
levels of this gene among stimuli, region, time and interactions among
these factors. CYP4BQ1v1 gene: Sexes showed significant differences
in the transcript expression levels (one-way ANOVA, F=14.39, df=1
pb0.001). The females expressed the gene in the foregut at 24 h with
racemicα-pinene, andwith all stimuli in themidgut at any time, except
with (R)-(+)-α-pinene enantiomer (Figs. 5C and E). The males only
expressed this gene in the antennae at 24 h with (+)-3-carene, and
with α-pinene at 8 h, (S)-(−)-α-pinene at 24 h, and (+)-3-carene at
8 and/or 24 h in the hindgut (Figs. 5B andH). Likewise, significant differ-
ences in the expression levels of this gene among stimuli, region, time
and interactions among these factors were shown for each sex by
means of a three-way ANOVA (Tables 2 and 3) and Tukey test corre-
spondingly (Table 4). CYP4BG2v1 gene: Statistically significant differ-
ences in the expression gene were found between sexes (one-way



Table 1
Physicochemical characteristics predictive of cytochrome P450 enzymes encoded by CYP genes isolated from antennae and gut samples from Dendroctonus rhizophagus.

Full length
CYP name

ORF size (bp) Protein flanked
in 5′ 3′ (bp)

Molecular massa (kDa) PIa Signal peptide predictionb,c

CYP4BQ1v1 1488 48–91 57,352.6 8.51 SP 0.952 mTP 0.133 others 0.011
CYP4BD5v1 1512 45–24 57,648.7 9.05 SP 0.954 mTP 0.027 others 0.067
CYP4BG2v1 1503 52–101 57,836.1 6.99 SP 0.944 mTP 0.37 others 0.042
CYP4G55v1 1686 42–128 64,434.4 8.28 SP 0.403 mTP 0.034 others 0.627
CYP4G56v1 1650 42–51 63,639.3 6.75 SP 0.715 mTP 0.22 others 0.542
CYP6DJ1v1 1500 27–67 57,433.6 9.05 SP 0.985 mTP 0.11 others 0.053
CYP6DJ2v1 1521 31–225 58,344.5 8.82 SP 0.980 mTP 0.17 others 0.047
CYP6BW5v1 1515 37–159 57,683.8 8.43 SP 0.887 mTP 0.83 others 0.095
CYP6DG1v1 1521 24–72 58,765.0 9.2 SP 0.965 mTP 0.017 others 0.053
CYP9Z20v1 1596 90–216 61,387.2 8.65 SP 0.914 mTP 0.069 others 0.068

SP=secretory pathway signal peptide and mTP=mitochondrial targeting peptide.
a As predicted by ProtParam (Gasteiger et al., 2005).
b As predicted by TargetP (Emanuelsson et al., 2000).
c As predicted by WoLF PSORT (Horton et al., 2007).
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ANOVA, F=22.4, df=1, pb0.001). The gene was expressed by the
females mainly in the foregut with all stimuli in any time (Fig. 5C),
the expression in the males occurred in the antennae with all stimuli
mainly at 8 h and a slight expression in the foregut only with racemic
α-pinene and (S)-(−)-α-pinene at 8 h (Figs. 5B and D). Significant
differences in the expression levels of this gene among stimuli, region,
time and interactions among these factors were shown for each sex by
means of three-way ANOVA (Tables 2 and 3) and Tukey test correspond-
ingly (Table 4). CYP4G56v1 gene: Sexes showed significant differences in
the expression gene (one-way ANOVA, F=10.04, df=1 p=0.002). Both
sexes expressed the gene slightly in the foregut and hindgut with all
stimuli and any time (Figs. 5C, D, G and H) and in the antennae only by
the males at 8 and 24 h with (R)-(+)-α-pinene and (S)-(−)-β-pinene,
respectively (Fig. 5B). Significant differences in the expression levels of
this gene among stimuli, region, except time and interactions among
these factors were shown for each sex by means of three-way ANOVA
(Tables 2 and 3). The differences among factors bymeans of correspond-
ing Tukey test are shown in the Table 4. CYP4G55v1 gene: No significant
differences between sexes were found in the expression gene (one-way
ANOVA, F=0.232, df=1, p=0.630). The gene was inhibited in all
regions, stimuli and time in both sexes (Fig. 5), except in the foregut
from females with racemic α-pinene at 8 h (Fig. 5C), and in the male's
antenna and hindgut with (S)-(−)-α-pinene at 24 h and racemic
α-pinene at 8 h, respectively (Figs. 5B and H). Based on the one-way
ANOVA results, female and male data were clustered for three-way
ANOVA and Tukey test. Significant differences in the expression
levels of this gene were found with three-way ANOVA among regions
(F=73.8, df=3, pb0.001), stimuli (F=94.8, df=5, pb0.001), time
(F=555.8, df=2, pb0.001) and the interactions: region ∗ stimuli
(F=5.1, df=15, pb0.001), regions∗time (F=24.6, df=6, pb0.001),
stimuli ∗ time (F=27, df=10, pb0.001) and region∗stimuli∗time
(F=2, df=30, pb0.001). The differences among factors bymeans of cor-
responding Tukey test are shown in the Table 4. CYP6BW5v1 gene: Signif-
icant differences were found between sexes in the expression gene
(one-way ANOVA, F=26.4, df=1 pb0.001). This gene was expressed
in all anatomical regions in both sexes in any stimuli and time
(Figs. 6A–H). Significant differences in the expression levels of this
gene among stimuli, region, time and interactions among these
factors were shown for each sex by means of a three-way ANOVA
(Tables 2 and 3) and Tukey tests correspondingly (Table 4). CYP6DG1v1
gene: No significant differences between sexes were found in the ex-
pression gene (one-way ANOVA, (F=1.34, df=1, p=0.247)). This
gene was expressed in all anatomical regions in both sexes with some
stimuli and time (Figs. 6A–H). Based on the one-way ANOVA results,
data for both sexes were grouped for three-way ANOVA and Tukey
test. Significant differences in the expression levels of this gene were
found with three-way ANOVA among regions (F=248.6, df=3,
pb0.001), stimuli (F=30.7, df=5, pb0.001), time (F=151.3,
df=2, pb0.001) and the interactions: region ∗ stimuli (F=23.8,
df=15, pb0.001), regions ∗ time (F=83.2, df=6, pb0.001),
stimuli ∗ time (F=47.4, df=10, pb0.001) and region ∗ stimuli ∗ time
(F=15.5, df=30, pb0.001). The differences among factors by
means of corresponding Tukey tests are shown in Table 4. CYP6DJ1v1
gene: Sexes showed significant differences in the expression gene
(one-way ANOVA, F=30.42, df=1, pb0.001). Female gene expressed
slightly in the foregut with racemic α-pinene at 8 h and 24 h
(Fig. 6C), andwith racemicα-pinene and (S)-(−)-β-pinene in themid-
gut at 24 and 8 h, respectively (Fig. 6E). The males expressed the gene
in the midgut with all stimuli at any time (Fig. 6F), and with racemic
α-pinene in the antenna and hindgut at 24 h (Figs. 6B and H). Signifi-
cant differences in the expression levels of this gene among stimuli, re-
gion, time and interactions among these factors by sex were shown by
means of three-way ANOVA (Tables 2 and 3) and Tukey test corre-
spondingly (Table 4). CYP6DJ2v1 gene: Significant differences were
found in the expression gene between sexes (one-way ANOVA, F=
16.93, df=1, pb0.001). The gene was expressed in all regions analyzed
in both sexes with some stimuli and time (Figs. 6A–H), however, the
males over-expressed the gene mainly in the antenna and hindgut with
all stimuli at any time. Significant differences in the expression levels of
this gene among stimuli, region, time and interactions among these fac-
tors by sex were shown by means of three-way ANOVA (Tables 2 and
3). The differences among factors by means of corresponding Tukey
tests are shown in the Table 4. Lastly CYP9Z20v1 gene: Sexes showed sig-
nificant differences in the gene expression (one-way ANOVA, F=12.66,
df=1, pb0.001). The gene was only expressed in the gut regions in
both sexes with any stimuli and time, nevertheless, the gene was
expressed in the male's antenna with racemic α-pinene. Significant
differences among stimuli, region, time and interactions among
these factors by sex were shown by means of three-way ANOVA
(Tables 2 and 3) and Tukey test correspondingly (Table 4).
4. Discussion

In this study, we report ten new bark beetle cytochrome P450
belonging to the families CYP4, CYP6 and CYP9, and we reported
the expression of specific CYP genes from antennae of the species
of Dendroctonus. The phylogenetic analysis of all clones sequenced
showed a high diversity within each gene, particularly within of
CYP4BQ1v1, CYP4BD5v1, and CYP4BG2v1 genes, suggesting that serial
duplication events had occurred through their evolution (Fig. 1)
(Hahn, 2009).



Fig. 2. Multiple sequence alignment and secondary structure element assignment. The alignment included CYP4BQ1v1 (accession no. HQ113133), CYP4BG2v1 (HQ113135),
CYP4BD5v1 (HQ113134), CYP4G55v1 (HQ113136) and CYP4G56v1 (HQ113137) from D. rhizophagus, the predicted CYP4G27 from I. paraconfusus (accession no. ABF06553) and
the mammalian CYP3A4 protein sequence. Substrate recognition sites (SRSs) 1–6 were manually determined. The heme-binding region (FXXGXRXCXG), PERF domain (PXRX)
and K-helix (EXXR) are indicated with arrows. The alpha helices are marked as alpha or beta, based on the automatic assignment according to the template of the CYP3A4 protein
structure in the program ESPript.
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The CYP genes we isolated from D. rhizophagus exhibited AAI>70%
with cytochrome P450s identified in the transcriptome of mountain
pine beetleD. ponderosae (Keeling et al., 2012) (Supplementarymateri-
al Table 3), except the CYP4BG2v1 that not was identified or reported in
D. ponderosae. This gene showed an AAI≈58% with the bark beetle,
Ips paraconfusus (Huber et al., 2007). The difference in the number of
genes recognized between these bark beetle studies is likely explained
by the fact that Keeling et al. (2012) analyzed larvae, pupae and adults
under different stimuli such as racemic juvenile hormone, monoter-
penes and feeding with phloem from pine host. On the other hand,
Huber et al. (2007) analyzed whole insects rather than specific tissues;
thus their samples included additional anatomical regions (such as the
fat body and Malpighian tubules) where CYP gene expression has been
reported previously. Furthermore, the insectswere feeding on the phlo-
em of ponderosa pine, Pinus ponderosa Lanier and thus had presumably
been exposed to a greater number of constituent host compounds than
in the present study.

Another difference between the studies was the type of CYP genes
identified. Twelve genes from the CYP4 family and one of the CYP9
family were reported in I. paraconfusus, whereas in D. rhizophagus



Fig. 3. Multiple sequence alignment and secondary structure elements assignment. The alignment included CYP6DJ1v1 (accession no. HQ113138), CYP6DJ2v1 (HQ113138),
CYP6DG1v1 (HQ113141), CYP6BW5v1 (HQ113140) from D. rhizophagus, the predicted CYP6BK17 from T. castaneum (accession no. XP_969813) and the mammalian CYP3A4 protein
sequence. Substrate recognition sites (SRSs) 1–6 were manually determined. The heme-binding region (FXXGXRXCXG), PERF domain (PXRX) and K-helix (EXXR) are indicated
with arrows. The alpha helices are marked as alpha or beta based on the automatic assignment according to the template of the CYP3A4 protein structure in the program ESPript.
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we isolated five genes from CYP4, four from CYP6, and one from the
CYP9 families. A study of functional genomics of the midgut and fat
body of the mountain pine beetle D. ponderosae identified represen-
tatives of tentative genes for CYP4 and CYP6—but did not mentioned
CYP9—families in expressed sequence tags (ESTs) after the insects
were stimulated with juvenile hormone (Aw et al., 2010). Recently,
the transcriptome of D. ponderosae reported 78 cytochrome P450, of
which 47 were full-length and the others partial sequences. The
full-lengths were 34 from the CYP3 (6 and 9 families) clade, and 9
from the CYP4 clade (Keeling et al., 2012).
The identification and expression of the genes CYP4BD5v1 (♀,♂),
CYP4BQ1v1 (♂), CYP4BG2v1 (♂), CYP4G56v1 (♂), CYP6BW5v1 (♀,
♂), CYP6DG1v1 (♀, ♂), CYP6DJ2v1 (♀, ♂) and CYP9Z20v1 (♂) in
D. rhizophagus antennae suggests, that cytochrome P450 enzymes
might be differentially induced by monoterpenes from the moment
of host perception, regardless of whether these compounds, alone
or blended, have an effect of attraction or repulsion on the beetles
(Figs. 5–7). In other insects, such as the fruit flyDrosophila melanogaster
Meigen, the pale brown chafer Phyllopertha diversa Waterhouse, the
tobacco hornworm Manduca sexta L, and the cabbage armyworm



Fig. 4.Multiple sequence alignment and secondary structure elements assignment. The alignment included CYP9Z20v1 (accession no. HQ113142) from D. rhizophagus, the predicted
CYP9Z4 from T. castaneum (accession no. NP_001164248) and the mammalian CYP3A4 protein sequence. Substrate recognition sites (SRSs) 1–6 were manually determined. The
heme-binding region (FXXGXRXCXG), PERF domain (PXRX) and K-helix (EXXR) are indicated with arrows. The alpha helices are marked as alpha or beta based on the automatic
assignment according to the template of the CYP3A4 protein structure in the program ESPript.
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Mamestra brassicae L, the expression of genes from the CYP4, CYP6
and CYP9 in the antennae has been associated with exposure to xe-
nobiotics andodormolecules andhave beenproposed toplay a role in de-
activation of pheromone molecules in the antennae (Maïbèche-Coisne
et al., 2002, 2004a, 2005; Wang et al., 1999; Wojtasek and Leal, 1999).

In addition, our results suggest that P450 enzymes in antennae
and gut of D. rhizophagus perform different functions depending on
the identity and chirality of encountered monoterpenes. Presumably,
this function is the oxidation of the specific monoterpene or enantio-
mer, as studies have demonstrated that bark beetle P450 enzymes
can hydrolyze monoterpenes. For example, Sandstrom et al. (2006)
showed that the P450 enzyme encoded by the CYP9T2 gene and its
orthologous CYP9T1 gene in the midgut of I. pini and I. confusus,
respectively, hydroxylate myrcene to an intermediate enantiomeric
blend of 80% (−): 20% (+) ipsdienol, which is catalyzed by the
ipsdienol dehydrogenase enzyme to ipsdienone (Figueroa-Teran et al.,
2012). The (−) enantiomer of ipsdienol functions as aggregation pher-
omone in the Ips spp.

The theoretical analysis that was performed to infer the cellular
localization of the deduced cytochrome P450 enzymes in the antennae
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Table 2
Three-way ANOVA results of each CYP gene in Dendroctonus rhizophagus females.

Gene/Interaction df CYP4BD5v1 CYP4BQ1v1 CYP4BG2v1 CYP4G56v1 CYP6BW5v1 CYP6DJ1v1 CYP6DJ2v1 CYP9Z20v1

Region (R) 3 1039.2 31,558.5 10,155.9 8076.0 9818.6 6707.3 2216.9 69,917.5
Stimuli (S) 5 19,040.3 7488.6 1095.9 53.21 2084.1 1650.1 686.0 4438.3
Time (T) 2 10,926.4 13,285.2 3929.5 0.240* 10,285.4 7118.9 139.3 11,988.4
R∗S 15 5108.8 1970.7 854.7 480.5 628.0 794.3 805.9 5342.3
R∗T 6 668.8 7973.6 2799.4 2089.0 3026.3 2029.9 932.9 17,737.7
S∗T 10 5271.2 2784.0 500.8 76.8 650.4 881.2 810.0 1262.4
R∗S∗T 30 2088.1 1369.5 571.1 285.8 402.3 362.8 643.7 1488.5

All F values were statistically significant at pb0.001, except value with *.

Table 3
Three-way ANOVA results of each CYP gene in Dendroctonus rhizophagus males.

Gene/interaction df CYP4BD5v1 CYP4BQ1v1 CYP4BG2v1 CYP4G56v1 CYP6BW5v1 CYP6DJ1v1 CYP6DJ2v1 CYP9Z20v1

Region (R) 3 1002.0 31,647.5 15,582.5 387.7 3468.5 1169.2 59,562.8 4183.7
Stimuli (S) 5 307.6 7156.4 350.5 474.7 3204.0 98.7 1555.5 668.4
Time (T) 2 1788.4 35,346.0 927.3 249.4 18,168.3 32.7 4072.5 2101.5
R∗S 15 62.7 3244.9 820.6 370.9 375.6 73.2 4221.3 277.9
R∗T 6 297.8 8409.9 4153.2 127.4 1039.7 326.6 15,170.5 1312.5
S∗T 10 97.0 2080.3 365.8 624.6 976.8 31.4 2146.8 218.0
R∗S∗T 30 27.4 1419.8 403.4 364.4 187.3 32.1 2285.7 167.0

All F values were significant at Pb0.001.
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and gut from D. rhizophagus indicates that they are probably anchored
to the outer face of the endoplasmic reticulum. If this inference is true
for antenna-localized cytochrome P450 enzymes, then monoterpenes
should be actively transported into support cells embedding sensory
neurons probably by odorant binding proteins (OBPs), as assumed for
other intracellular odor degrading enzymes (ODEs), such as GST and
dehydrogenase reductase (SDR) (Wang et al., 1999). However, because
other odorant compounds or pheromones could rapidly be degraded by
ODEs (e.g. esterases and aldehydes-oxidases) within extracellular sen-
silla lumen (Maïbèche-Coisne et al., 2004b; Vogt, 2003), the role of
P450 enzymes in the specific monoterpenes degrading in the olfactory
process should be confirmed in future studies.

Because monoterpenes are volatile and, when they are exuded
by damaged phloem, can coat the surface of mining beetles, these
compounds may enter the bodies of bark beetles via the respirato-
ry system and the cuticle as well as through the digestive tract (Prates
et al., 1998). Thus one might expect that distinct cytochrome P450
genes were differentially expressed in the different organs or anatomi-
cal systems of bark beetles. The induction of distinct CYP genes in the
D. rhizophagus gut is consistent with this idea, and their differential
induction seems to occur as a response to the presence of different
monoterpenes.

The genes' number expressed in the gut with monoterpenes
assayed, and the high cellular diversity and secretory richness ob-
served in their regions in unfed insects of Dendroctonus spp. (Díaz
et al., 1998; Silva-Olivares et al., 2003) suggest, that the CYP genes
have distinct physiological roles in the different regions of this sys-
tem, related with digestive process, pheromone synthesis and de-
toxification process. In particular, the presence of a detoxification
process that takes place in the midgut is indirectly supported by
the cellular damage that monoterpenes and their intermediaries
produce in the midgut epithelial cells of these bark beetles (López
et al., 2011; Silva-Olivares et al., 2003), the increase in the number
Fig. 5. Quantitative expression of CYP4 genes (mean±SE) in antennae and gut after stimulatingw
(+)-3-carene in D. rhizophagus at times 0, 8 and 24 h. Note the logarithmic y-axis. CYP expressio
genes expression are indicated in the Tables 2 and 3. 2−ΔΔCt and SE values were transformed at l
of secretory vesicles carrying electron-dense material toward the
gut lumen (Hall et al., 2002a,b; Nardi et al., 2002; Silva-Olivares
et al., 2003) and the differential induction of CYP genes observed in
the midgut, foregut and hindgut in each sex in this study.

The expression patterns observed in the CYP4, CYP6 and CYP9 genes
in the antennae and gut regions from D. rhizophagus suggest that each
CYP genes analyzed is differently induced in each anatomy region,
different times in response to the same monoterpenes (Figs. 5–7). The
profile of the relative expression of CYP4 genes with respect to its
basal expression (t0) level suggests that only CYP4G55v1 gene is consti-
tutively expressed in all regions, because the rest of the genes were
induced by any of the monoterpenes assayed. In the antennae appar-
ently there is a selective and sex-specific expression of these genes, be-
cause CYP4BD5v1 gene was over-expressed in the females with three
stimuli, whereas in males the CYP4BG2v1 gene was over-expressed
with all stimuli. In the gut regions the CYP4 gene expression patterns
were differential between the regions for each sex, with the exception
of the CYP4BD5v1 gene that showed an over-expression in the foregut.
In the midgut and hindgut the expression of all CYP4 genes was
low or inhibited. Expression patterns similar to those in unfed
D. rhizophagus were observed in the majority of the CYP4 genes
that were identified in fed I. paraconfusus using quantitative real-time
PCR (Huber et al., 2007). These profiles of the CYP4 gene expression pat-
terns in both species suggest that the primary biochemical function of
CYP4 genes in bark beetles may not be the degradation or transforma-
tion of exogenous monoterpenes. Evidence from other insect systems
suggests that CYP4 genes are involved in fatty acid hydroxylation
(Feyereisen, 2005), biosynthesis and metabolism of pheromones
(Blomquist et al., 1994; Sutherland et al., 1998; Tillman-Wall et al.,
1992;Warren et al., 2002), including juvenile hormone and those relat-
ed to the gonadotropic cycle (Davies et al., 2006).

On the other hand, the different expression patterns of the CYP6 and
CYP9 genes, with respect to those CYP4 genes (Figs. 6 and 7), suggest
ith vapors of racemicα-pinene, (R)-(+)-α-pinene, (S)-(−)-α-pinene, (S)-(−)-β-pinene and
n was normalized with respect to CYP4G55v1 gene. Statistically significant differences in the
og2 for their graphing.



Table 4
Tukey test results among region, stimuli and time of the CYP gene expression identified in Dendroctonus rhizophagus. CYP4G55v1 and CYP6DG1v1 genes were jointly analyzed for
both sexes.

Females 

Antennae Foregut Midgut Hindgut

Antennae Foregut Midgut Hindgut

CYP4BD5v1 0 h 8 h 24 h

α-pinene t0 A a A a A b A b A c A c A d A a

(S)-(-)-α-pinene t0 B

C

a 

a 

B a B b B a B c B b B c A c

(R)-(+)-α-pinene t0 C* a C b B b C c C* c C d B d

(S)-(-)-β-pinene t0 D a D a D b C b D c D c D d C d

(+)-3-carene t0 E* a E a E b D b E c D c E d D d

CYP4BQ1v1 0 h 8 h 24 h

α-pinene t0 A a A a A b A b A c A c A* d A d

(S)-(-)-α-pinene t0 B a B a B b B b B c B c B d B d

(R)-(+)-α-pinene t0 C a C a C b C b C c C c C d C d

(S)-(-)-β-pinene t0 D a D a D b D b D c D c D d D d

(+)-3-carene t0 B a E a E b E b E c E* c E d B* d

CYP4BG2v1 0 h 8 h 24 h

α-pinene t0 A a A a A b A b A a A c A* c A d

(S)-(-)-α-pinene t0 B a B a B b B* b B c B c B d B d

(R)-(+)-α-pinene t0 C a C a C b C b C c B c C d C d

(S)-(-)-β-pinene t0 D a D a D b B* b D* c B c D d D d

(+)-3-carene t0 E a E a E b D b B,   a C* c E c B* c

CYP4G56v1 0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

8 h 24 h 8 h 24 h 8 h 24 h

8 h 24 h 8 h 24 h 8 h 24 h

8 h 24 h 8 h 24 h 8 h 24 h

α-pinene t0 A a A a A b A b A c A c A b A d

(S)-(-)-α-pinene t0 B a B a A b B b B c B c A d A d

(R)-(+)-α-pinene t0 C a C a B b C b C c B c B b A d

(S)-(-)-β-pinene t0 D a D a B b D b B c C c C d A d

(+)-3-carene t0 E a E a A b D b C c A c D d B d

Males

CYP4BD5v1 0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

α-pinene t0 A a A* a A b A b A* c A a A d A c

(S)-(-)-α-pinene t0 A a B a B b B b B a A a B c B c

(R)-(+)-α-pinene t0 A a A* a C b C b C a B a B c A c

(S)-(-)-β-pinene t0 B a B a B b C b C a A a A c A c

(+)-3-carene t0 A a C a C b D b B a C c B c A b

CYP4BQ1v1

α-pinene t0 A a A a A b A b A c A c A d A d

(S)-(-)-α-pinene t0 B a B a B b B b B c B a B d B c

(R)-(+)-α-pinene t0 C a C a C b C b C c C c C d C d

(S)-(-)-β-pinene t0 D a D a D b D b D c B c B d A d

(+)-3-carene t0 E a E a E b E b D c D c D d D d

CYP4BG2v1 

α-pinene t0 A a A a A b A* b A c A c A d A d

(S)-(-)-α-pinene t0 B a B a B b B b B c A* c B d B d

(R)-(+)-α-pinene t0 C a C a C b C b A c B c C c C d

(S)-(-)-β-pinene t0 C a D a D b D b B c C c D d D d

(+)-3-carene t0 D a E a E* b B b A c D c E d C d

CYP4G56v1 

α-pinene t0 A a A* a A b A b A* c A c A a A* a

(S)-(-)-α-pinene t0 B a B a B a A b B b A c B a B a

(R)-(+)-α-pinene t0 C a A a C b B* b B c B c C a A a

(S)-(-)-β-pinene t0 B* a C a D* b A b C* b C c B* a C a

(+)-3-carene t0 D a D a B b B* b C c D c D a D a
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(continued on next page)

Females 

Antennae Foregut Midgut Hindgut

Antennae Foregut Midgut Hindgut

CYP6BW5v1 0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

0 h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

α-pinene t0 A a A* a A b A b A c A c A d A d 

(S)-(-)-α-pinene t0 B a B a B b B b A c B c A d B d 

(R)-(+)-α-pinene t0 C a C a C b C b B c C b B d C c 

(S)-(-)-β-pinene t0 D a D* a D b D b C c A c C d D d 

(+)-3-carene t0 E a E a E b A b D b B c A c E d 

CYP6DJ1v1 

α-pinene t0 A a A a A b A b   A c A c A d A d 

(S)-(-)-α-pinene t0 B a B a B b B b B b B b B c B b 

(R)-(+)-α-pinene t0 A a B a C a C b B b C c B c C d 

(S)-(-)-β-pinene t0 C a C a D b D b C c C c C d D d 

(+)-3-carene t0 D a B a E a E b D b B c D c D d 

CYP6DJ2v1 

α-pinene t0 A a A a A b A b A c A c A d A d 

(S)-(-)-α-pinene t0 B a B a B b B* b A c B c B d A d 

(R)-(+)-α-pinene t0 C a C a C b C b B b C c C c B b 

(S)-(-)-β-pinene t0 D a D a A b D b C c A c D d C d 

(+)-3-carene t0 E* a D a D b E b B b C c E c D d 

CYP9Z20v1 

α-pinene t0 A a A a A b A b A c A c A c A d 

(S)-(-)-α-pinene t0 A a B a B b B b B c B c B c B c

(R)-(+)-α-pinene t0 A a C a C b C b C c C c C c C c 

(S)-(-)-β-pinene t0 B a D a D b D b A c D c B d D* d 

(+)-3-carene t0 C a D a E b E b D c B c D d E d 

CYP6BW5v1 

α-pinene 

(S)-(-)-α-pinene 

(R)-(+)-α-pinene 

(S)-(-)-β-pinene 

(+)-3-carene 

CYP6DJ1v1 

α-pinene 

(S)-(-)-α-pinene 

(R)-(+)-α-pinene 

(S)-(-)-β-pinene 

(+)-3-carene 

CYP6DJ2v1 

α-pinene 

(S)-(-)-α-pinene 

(R)-(+)-α-pinene 

(S)-(-)-β-pinene 

(+)-3-carene 

CYP9Z20v1 

α-pinene 

(S)-(-)-α-pinene 

(R)-(+)-α-pinene 

(S)-(-)-β-pinene 

(+)-3-carene 

Males

0 h 8 h 24 h 8 h 24  h 8 h 24 h 8 h 24 h 

0 h 8 h 24 h 8 h 24  h 8 h 24 h 8 h 24 h 

0 h 8 h 24 h 8 h 24  h 8 h 24 h 8 h 24 h 

0 h 8 h 24 h 8 h 24  h 8 h 24 h 8 h 24 h 

t0 A a A a A a A b A b A c A c A d

t0 B a B a B b B b B c B c B d B b

t0 B a C a C b C b C c C c C a A d

t0 B a D a D b D b A c D c D d C d

t0 C a C a A b E b B c A c C d A d

t0 A a A a A* a A a A b A b A c A c

t0 A a B a B b B b B c B c A d B d

t0 B a C a C a C a C b A b B b A c 

t0 B a D a C a A b D * b A c C* b C* d

t0 C a C a C b C a C b C* b C b A c 

t0 A a A a A b A b A c A c A d A d

t0 B a B a B b B b B c B c B d B d

t0 C a C a B b A b C c C c C d C d

t0 D a D a C b C b D c D c D d D d

t0 E a E a D b D b E c A c E d E d

t0 A a A a A b A b A * c A c A c A d

t0 B a B a B b B b B c B b B* d B c

t0 C a C a C b C b B c C* c C c C d

t0 B a B a D b D b C c A c D c D a

t0 B a D* a B b E b D c A b E d E c

Table 4 (continued)
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Both sexes 

Antennae Foregut Midgut Hindgut 

0h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h 

t0 A a A a A a  A* b A b A a A a 

t0 A a B a B b A b B b A* b B   c A c 

t0 A a A a C b A b C b A* b B c A c 

t0 A a C a C b A b B c A c B d A d 

t0 A a A a B b A b B b A b B c A c 

0h 8 h 24 h 8 h 24 h 8 h 24 h 8 h 24 h

t0 A a A* a A a 

t0 A a B a B b 

t0 A a C* a 

t0 B a A a 

t0 D* a 

CYP4g55v1 

α-pinene 

(S)-(-)-α-pinene 

(R)-(+)-α-pinene 

(S)-(-)-β-pinene 

(+)-3-carene 

CYP6DG1v1

α-pinene 

(S)-(-)-α-pinene 

(R)-(+)-α-pinene 

(S)-(-)-β-pinene 

(+)-3-carene 

A b

A b

A b A b

B* c

B* b

B* c

B* a

A A

B

B

B

B

A

a

c

B* c

B

A

c

 b

b A b

B b

A d

A b

C c

b

b

b

d

A b

A b

C b

B b

B b

C* b

C a

Table 4 (continued)

The letters in the white or blue columns show results of pairwise multiple comparisons among stimuli within each anatomical region at 8 h and 24 h, respectively. The letters in the
gray and light red columns show results of pairwise multiple comparisons among anatomical region by each stimulus at 8 h and 24 h, respectively. The same letter within each
columns and each rows indicates statistically no significant differences; *=no significant differences in the expression gene with respect to zero time. Italic letters in bold indicate
where the gene was expressed. Underlined letters indicate where the gene was expressed in the males in the CYP4G55v1 and CYP6DG1v1 genes.
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that these families play a role in the monoterpene metabolism in
D. rhizophagus antennae and gut. Likewise to antenna CYP4 genes, the
expression of CYP6 genes in these structures apparently is sex-specific,
because males expressed different genes (CYP6DJ2v1♂, CYP6DG1v1 ♂)
with the same stimuli, with the exception of CYP6BW5v1 gene that was
expressed by both sexes.

The expression profile of these genes in the D. rhizophagus gut
suggests that the cytochrome P450 enzyme encoded by these genes
might be involved in the detoxification process, because they were
over-expressed with almost all stimuli and any time. The CYP6 family
is unique to the class Insecta and its biochemical function has essen-
tially been associated with the metabolism of plant chemicals in phy-
tophagous insects (David et al., 2006; see Schuler, 2011 and citation
therein); however, little is known about its function in bark beetles.
Thus, it is necessary to carry out studies of heterologous expression
with the P450 protein to evaluate whether these genes are involved
in the hydroxylation of monoterpenes in bark beetles. In addition,
other authors have reported that CYP6 genes could participate in
the epoxidation of fatty acid in bark beetles. For example, Aw et al.
(2010) suggest that a cluster of three genes in D. ponderosae males
(cytochrome P450 (CYP6CR1), a putative dehydrogenase and an un-
known protein) is involved in terminal steps of the exo-brevicomin
biosynthesis (a pheromone produced by males). Particularly, the cy-
tochrome P450 is hypothesized to catalyze the epoxidation of fatty
acyl-derived precursor, (Z)-6-nonen-2-one to 6,7-epoxynonan-2-one,
a precursor of this pheromone (Vanderwell et al., 1992).

The expression profile of CYP9Z20v1wasnot sex-specific, however it
was only over-expressed in the female foregut with all times and stim-
uli, except withα-pinene racemicmixture. This result suggests that this
gene could have an important role in the detoxification process. Others
studies have been reported that the cytochrome P450 enzymes coded
by CYP9T1 and CYPT92 genes from I. confusus and I. pini bark beetles
can hydroxylate myrcene to ipsdienol, a component of the aggregation
pheromone of these species (Sandstrom et al., 2006, 2008).

While there is increasing evidence that cytochromeP450 enzymes are
involved in the de novo synthesis of hemiterpenoid and monoterpenoid
pheromones via the mevalonate pathway or the cyclization of monoun-
saturated ketones (Seybold et al., 1995), our results are consistent with
the hypothesis that CYP genes are involved in the generalized metabolic
Fig. 6. Quantitative expression of CYP6 genes (mean±SE) in antennae and gut after stimulatingw
(+)-3-carene in D. rhizophagus at times 0, 8 and 24 h. Note the logarithmic y-axis. CYP expressio
genes expression are indicated in the Tables 2 and 3. 2−ΔΔCt and SE values were transformed at l
process triggered in bark beetles in response to host-produced toxins.
Enhanced knowledge of the role of cytochrome P450 enzymes in the
detoxificationof exogenous compounds andpheromone synthesis is nec-
essary to furthering understanding of the relationship between bark bee-
tles and their host trees.

5. Conclusion

Ten new CYP genes were identified in the antenna and gut from
D. rhizophagus after their exposure to the main monoterpenes of
their host tree. These P450s belong to two clans (CYP3 and CYP4),
three families (CYP4, CYP6 and CYP9) and five subfamilies. Almost
all the genes showed statistically significant differences in their ex-
pression level between sexes. A differential behavior of these genes
was found in the females and males from D. rhizophagus under differ-
ent stimuli, time and anatomical regions. The expression profile of
these genes in the antenna was selective and sex-specific. The
expression patterns in the gut region of each CYP genes suggest
that they are differently induced in each of its regions and time in re-
sponse to the samemonoterpenes. These expression profiles suggest
that some of these genes, particularly CYP6 family, could be involved
in the detoxification process during the colonization phase of the
host trees.

Acknowledgments

We are grateful to Jesús I. Morales Jiménez and Gabriel Obregon,
for their assistance in collecting insects, and to administrator Jaime
Chávez and COPAMEX for providing us access to installations and
for his logistic support in San Juanito Chihuahua. We thank Graciela
Castro Escarpulli, Javier Victor, Isabel Salazar, Jorge Macías Sámano, and
Gloria León Avila for their comments and valuable suggestions regarding
the manuscript. The project was funded by the Comisión Nacional
Forestal-Consejo Nacional de Ciencia y Tecnología (CONAFOR-CONACYT,
69539), Consejo Nacional de Ciencia y Tecnología (181337/CB2012) and
Secretaría de Investigación y Posgrado-IPN (SIP-20090576). This work
was part of CCR and MFL Ph Ds. dissertations. They were fellows of
Consejo Nacional de Ciencia y Tecnología (202060, 175839 respectively)
and Programa Institucional de Formación de Investigadores del Instituto
ith vapors of racemicα-pinene, (R)-(+)-α-pinene, (S)-(−)-α-pinene, (S)-(−)-β-pinene and
n was normalized with respect to CYP4G55v1 gene. Statistically significant differences in the
og2 for their graphing.



A) B)

C) D)

E) F)

G) H)

61C. Cano-Ramírez et al. / Gene 520 (2013) 47–63



A) B)

Fig. 7. Quantitative expression of CYP9 genes (mean±SE) in antennae and gut after stimulating with vapors of racemicα-pinene, (R)-(+)-α-pinene, (S)-(−)-α-pinene, (S)-(−)-β-pinene
and (+)-3-carene inD. rhizophagus at times 0, 8 and 24 h. Note the logarithmic y-axis. CYP expressionwas normalizedwith respect to CYP4G55v1 gene. Statistically significant differences in
the gene expression are indicated in the Tables 2 and 3. 2−ΔΔCt and SE values were transformed at log2 for their graphing.
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