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To investigate the effects of fluorosis on development and gene expression profiles of silkworm, highly
resistant silkworm strain 441, and highly susceptible silkworm strain 440 were treated with 200 ppm
fluoride (designated as 440F and 441F) and water (designated as 440DZ and 441DZ). Fluorotic silkworm
showed body color and behavior changes. Statistical analysis indicated that growth index of 440F was
lower than 440DZ, 441DZ, and 441F. The mortality of 440F was higher than others. Fluorescent differential
display enabled us to obtain a differentially expressed cDNA. Bioinformatics analyses indicated that it

g?”n M;O;d;m belonged to cytochrome P450 family, denoted Bmcyp306a1l, which contained seven exons and six introns.
Fluori)(/i e Phylogenetic tree showed BmCYP306A1 had high homology with Manduca sexta’ PA50 protein. Expression

P450 analysis indicated that Bmcyp306a1 was exclusively expressed in 441DZ and 441F and was down-regulated
FDD-PCR under fluoride treatment. The tissue-specific expression indicated Bmcyp306a1 had high-expression level
Quantitative real-time PCR (Q-PCR) in midgut and ovary in 441F. The data revealed that there was obvious dose-effect and times relationship

with the pathological changes and gene expression. Expression profiles of Bmcyp306al suggested that

P450 gene was crucial to physiological modification and might be involved in fluoride resistance.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

As a major pollutant in industrial areas, fluoride is present
in varying amount in the air, water, and in some of the agricul-
tural products produced in the polluted areas. Fluoride of high
concentration has toxic effects on both humans and animals,
causing toxification such as endemic fluorosis [1] and indus-
trial fluorosis [2,3]. Fluorosis causes damage to many animal and
human organs [1,4,5], predominately the skeletal systems and
teeth. Simultaneously, the structures and functions of the non-
skeletal systems such as brain, liver, kidney, and spinal cord are
also damaged [6-8]. Previous studies have demonstrated that the
damage caused by fluoride intoxication is mainly mediated through
lipid peroxidation. Yet little is known about the mechanism of
detoxification.

Many studies have proved that cytochrome P450 was involved
in the production and metabolism of many molecules with
important physiological functions and was believed to play impor-
tant roles in detoxification. Currently, the cytochrome P450
superfamily consists of over 5500 designated sequences, in
which approximately 1300 sequences were found in animals
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(http://drnelson.utmem.edu/cytochrome p450.html) [9]. Many
P450 genes have multiple functions while a vast majority
of cytochrome P450 have unknown functions. In human, 15
cytochrome P450 proteins can metabolize xenobiotics and all of
them are from CYP1, CYP2 ,and CYP3 families [10]. Due to involve-
ment of the cytochrome P450 in physiological functions, many of
them have been studied in detail in different tissues and cell types.
The temporal and tissue-specific expression and regulation are very
important to cytochrome P450 involved in steroid and eicosanoid
biosynthesis and catabolism of vitamins [11]. It may be valuable to
predict the function of cytochrome P450 on tissue- and cell-specific
expression.

Silkworm is one of the economically important insects. Silk
industry plays an important role in China. However, silk produc-
tion has been seriously affected by fluoride pollution. In this study,
highly resistant silkworm strain 441 [12] and highly susceptible
silkworm strain 440 were used as materials to analyze differen-
tial expression of related genes and to find out whether the crucial
genes were related to fluoride detoxification. Using FDD (fluores-
cent differential display) and in silico cloning methods, a full-length
cDNA sequence encoding the putative P450 protein was obtained
and named as Bmcyp306al. Expression analysis suggested that
Bmcyp306al gene might play an important role in resistance to flu-
oride. Our study provides new information on the involvement of
P450 protein in fluoride detoxification.
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Fig. 1. The change of body weight. According to data in Table 1, the growth index of
body weight was analysed.

2. Materials and methods
2.1. Fluoride

Sodium fluoride (NaF): 200 ppm.

2.2. Silkworm strains

Two silkworm strains were used. Strain 440 was highly suscep-
tible to fluoride. Strain 441 was highly resistant to fluoride. Strain
441 was maintained in our laboratory through adding fluoride in
its fodder. Its fluoride-tolerance ability was 200 ppm at the time of
experimentation. All larvae were fed with mulberry leaves three
times a day at 25+ 2 °Cunder a 12 h light/12 h dark cycle and were
maintained in two separate groups. All larvae were raised up to
the fifth instar. Starting from the fifth instar, the larvae were fed
with mulberry leaves treated with either clean water (control) or
with 200 ppm NaF solution for 5 min. Then, 50 larvae of similar size
were taken for investigating their physiological changes, respec-
tively. Larvae of strains 440 and 441 feeding on leaves treated with
water were designated as 440DZ and 441DZ, respectively. Those
feeding on leaves treated with NaF were designated as 440F and
441F.

2.3. Pathological change investigation

Pathological changes were investigated from fifth instar to pupal
stage. The observed items included body weight, body color, behav-
ior, individual size, and mortality. The body weight was measured at
7:00 a.m. before they were fed with mulberry leaves. Growth index
was calculated by using the body weight at the test time to divide
the body weight at the beginning of experiment. For example, if the
weight of a larva is 2 g at 7:00 a.m. of the first day of fifth instar and
the same larva weighs 3 g at 7:00 a.m. of the second day, the growth
index will be 1.50 which is 3 divided by 2.
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Fig. 2. Statistics of silkworm mortality. Larvae in groups 440DZ and 441DZ grew
normally and did not die. Those of group 440F were found to die from 96 to 168 h
with the average number of death increasing from 2 to 7, while those of group 441F
was found to die from 120 h, with the number of death being below 2.
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Fig. 3. Result of the FDD analysis from only one pair of arbitrary primers. Lane 1,
440DZ; lane 2,440F; lane 3,441DZ; lane 4,441F; lane 1 and lane 3, from midguts after
fluoride treatment for 48 h; lane 2 and lane 4, from midguts after water treatment for
48 h. The differential expression band A9 is indicated by an arrow. A9 was expressed
in fluoride resistant strain 441.

2.4. Total RNA extraction and reverse transcription

At 48 h of the fifth instar, 10 silkworms were sampled from
each group for isolating total RNAs. Total RNAs were isolated from
the midguts using Trizol (Invitrogen) reagent. The total RNAs were
treated with RNase-free DNase (Promega, WI). The RNA precipitates
were dissolved in 50 mL of 10 mM Tris/1 mM EDTA buffer (pH 8.5)
and spectrophotometrically quantified at 260 nm. The integrity of
the isolated RNA was examined on an ethidium bromide stained,
denaturing 1% agarose gel. Single stranded cDNAs for PCR were syn-
thesized from total RNAs (2 g for all tissues) with MMLYV reverse
transcriptase (Promega, WI).

2.5. Fluorescent differential display analysis

For FDD-PCR (RNAspectra™ Kit, GenHunter), the total RNAs
(2 ng) were reverse-transcribed with MMLYV reverse transcriptase.
3’-Anchored oligo-T11A (FH-T11A) primer and arbitrary primers
(HAP9-HAP21) were used. For each PCR, 2-pL first-strand cDNA
was added into a mixture containing 1unit of Taq polymerase
(TaKaRa, Dalian), 50 wmol/L of each dNTP, 10 pmol of arbitrary
primers,10 pmol of fluorescein iso-thiocyanate labeled 3’-anchored
oligo-T11A (FH-T11A) primer, and 2.0 L of 10x PCR buffer.
FDD-PCR was performed using the following thermal cycling con-
ditions: 94°C for 3 min, then 40 cycles of 94°C for 305, 40°C for
2min and 72 °C for 2 min, followed by a final extension at 72 °C for
5 min. Each PCR product was electrophoresed in a 6% denaturing
polyacrylamide gel in the 1x TBE buffer. The FDD gel was scanned
with the FMBIO II (Hitachii Genetic System). The differential bands
of interest were cut and extracted to recover cDNAs. Re-amplified
cDNA products were cloned into pM18-T vectors (Takara) and
then transformed into E. coli strain DH5a followed by clone selec-
tion based a-complementation. The plasmids were purified using
the MiniBEST Plasmid Purification Kit (TaKaRa, Dalian) and were
sequenced using CEQ8000 (Beckman).

2.6. Molecular cloning

Blast searches in NCBI were used to show that it had high
similarity to ESTS (GenBank no. AV404609) of B. mori. Using in
silico cloning method, its cDNA sequence was obtained. Accord-
ing to the sequence, specific primers were designed as follows:
cross-primer pair 1 (sense primer 5'-GTCGACTATCAAGTAATATGG
ACC-3’ and anti-sense primer 5-CTTCA GTCGGAATAAGAGTA-3')
and cross-primer pair 2 (sense primer 5-TGGCAATGGTTTCGTCAA-
3’ and anti-sense primer 5'-CTCGAGTTAA ATTGGTTCGCAAT AG-3').
Both primer pairs were used to re-amplify the target sequence.

2.7. Bioinformatic analysis

A homology search of the DNA sequences against Gen-
Bank (http://www.ncbi.nlm.nih.gov/) was performed. The
cDNA sequence was compared with the silkworm genomic
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Fig. 4. Re-amplification of differential fragment A9 and verification of its existence in Bmcyp306al. (a) M, DL2000; (b) M, Lambda DNA/EcoRI + HindIIl. Band in lane 1 was
about 920 bp. That in lane 2 was about 1050 bp. The two fragments were used to verify the existence of the A9-1617 (Bmcyp306a1) according to the two primer pairs designed.

sequences. SIM4 (http://pbil.univ-lyonl.fr/sim4.php) and Spidey
(http://www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey) were
used to align the cDNA with the genomic sequence. Translation
into amino acid sequence was done with SwissProt database
ExPASy Translate tool (http://au.expasy.org/tools/dna.html).
Homology searches were performed using Blastx, SIB BLAST
Network Service (http://au.expasy.org/tools/blast/) and DNAstar
5.0 software. The secondary structure prediction was carried out
using the DSC secondary structure prediction method in PBIL
(http://pbil.univ-lyon1.fr/).

2.8. Expression analysis of target gene

To compare the expression levels of target gene, semi-
quantitative PCR analysis was performed. The primers were
designed according to the sequences of B. mori cyp306al. The
sense primer was 5'-TGGCAATGGTTTCGTCAA-3’ and the anti-sense
primer was 5-CTTCAGTCGGAATAAGAGTA-3'. Silkworm house-
keeping gene actin A3 was amplified as control with the
same templates. The upstream/downstream primers of actin A3
(GenBank no. U49854) were 5'-GGATGTCCACGTCGCAC-3’ and 5'-
GCGCGGCTACTCGTTCACTACC-3, respectively. The thermal cycling
profile consisted of initial denaturation at 95°C for 3 min and 40
cycles at 95°C for 30s, at 52°C for 30s, and at 72°C for 45s. The
volume of PCR reaction mixture was 10 L, containing 1.0 pL of
buffer (Mg?*) (10x), 1 wL of each primer (1 wmol/L), 0.1 pL enzyme
(TaKaRa) and 2.5 L of 1:10 diluted cDNA templates.

To compare the expression levels of Bmcyp306al gene between
the larvae of 441F and 441DZ, real-time quantitative PCR was car-
ried out using the Mx3000PTM PCR instrument (Stratagene). The
thermal cycling profile was the same to that of semi-quantitative
PCR, using the same primers and the PCR mixture (10 pL) con-
taining 1x SYBR GREEN PCR mix (Takara, Dalian), 0.1-wL ROX
reference Dye II (50x), 1 L of each primer (1 wmol/L), and 2.5 pL
of 1:10 diluted cDNA templates, according to the manufacturer’s
instructions. The specificity of PCR amplification was determined
by constructing a melting curve after the PCR amplification. Melting
curve analysis was performed in the range of 55-95 °C by monitor-
ing SYBR Green fluorescence with 0.5°C increment. Each sample
was conducted in triplicate. The relative expression ratios of gene
were calculated relative to the housekeeping gene using the com-
parative Ct (2-4Ct) method [13].

2.9. Tissue distribution of target gene

To determine the tissue distribution of Bmcyp306al transcripts,
the tissues of midgut, fat body, ovary, hemocyte and silk gland
were analyzed by semi-quantitative PCR, primed with the sense
primer 5'-TGGCAATGGTTTCGTCAA-3’ and the anti-sense primer 5’'-
CTTCAGTCGGAATAAGAGTA-3'. The thermal cycling profile and the
PCR reaction system were the same as in Section 2.8.

Table 1

Body weight change at different time (unit: g)

Treatment Oh 24h 48 h 72h 96h 120h 144h
440DZ 41.74 68,59 9577 125.63 154.45 169.44 176.04
440F 40.25  58.15 80.13 101.22 114.24 118.56 114.51
441DZ 34.67 63.69 86.71 111.56 132.96 144.21 145.61
441F 3549 59.97 84.83 114.12 135.08 145.35 147.28

Each group was composed of 50 silkworms which were of similar size. Total body
weight change was investigated. This experiment was conducted under the same
condition except presence or absence of fluoride. Groups 440DZ and 441DZ were
control. Groups 440F and 441F were fluoride-treated.

3. Results
3.1. Pathological changes

Growth data of the larvae were given in Table 1. At 24 h, growth
index of 440F larvae was 0.445, the lowest among all treatments
(Fig. 1). From 24 to 96 h, growth indexes of all treatments increased
steadily. Yet, the increasing rate of 440F was lower than those of
440DZ, 441DZ and 441F. At 96 h, growth indexes of 440DZ, 440F,
441DZ, and 441F were 3.06, 1.95, 3.16, and 3.10, respectively. Again,
the growth index of 440F was the lowest among all treatments
(Fig. 1).

Mortality check revealed that no silkworm died in the control
groups (440DZ and 441DZ). In groups 440F and 441F, first death
of the larvae was seen at 96 and 120h, respectively (Fig. 2). In
group 440F, the larvae grew much unevenly and their movement
was largely reduced. Most fluorosised larvae exhibited coarse and
black-brown sickness spots on their abdomen which were inclined
to be ulcerated. Among the 50 larvae observed, 2, 3, 6, and 7 lar-
vae showed serious intoxication symptoms, spitted much fluid and
died before 96, 120, 144, and 168 h, respectively. In group 441F, the
larvae grew much more evenly than those of 440F. Most of the lar-
vae did not show pathological changes seen on those of group 440F,
though 2, 1, and 2 larvae died before 120, 144, and 168 h, respec-
tively. Based on the fact that the mortality of 441F larvae (5 out of
50) was considerably lower than that of 440F (18 out of 50) and the
first death in 441F was 24 h later that that in 440F (Fig. 2), we were
confident that strain 441 possessed certain resistance to fluoride.

3.2. FDD analysis

To identify genes associated with the expressions of resistant
genes, we compared the mRNA expression patterns in midguts of
different silkworm strains using the FDD technique. The fragments
were identified that were present in the profiles from resistant silk-
worm and absent from susceptible silkworm profiles, indicating a
response unique to the resistant silkworm strain. Such differentially
expressed bands were extracted from the gels and used for DNA
clone and sequencing. In this experiment, silkworm was treated
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ATGGACCTTTATTTTATTTGGC TGGTAACGTTCGTGGCTGGGTTTTGGATTTTCAAAALA
MDLYVFTIUWLVYVYTFYAGTEFUVW¥TITFIKIEK
ATAAAGGAATGGCAGAATTTGCCCCCCGGACCTTGGGGGTTACCTATCGTCGGTTATTTG
I K E W¥Q NLPUPGPWGLUPTIVGTYTL
CCTTTCATTGATCGCTATCATCCACATATCACCTTGACAAATTTGTCTAAAACATACGGA
PFIDURTYUHPUHTITLTUNLSI KTTYSG
GCTATTTACGGTCTCAAAATGGGCAGCATATATGCTGTAGTGTTATCTGATCATAAACTT
A I YGLEKMNGS STIYAVY YL SDHTIKIL
GTAGGAGATACGTTCTCAAAAGACAGTTTTICTGGACGAGCACCTCTTTACTTAACACAT
vVG6GDTPFS KD SFSGRAPLTYTLTH
GGCCTTATGAATGGAAATGGAATTATTTGTGCCGAAGGCGGTTTGTGGAGGGACCAAAGG
GLMNDNGNGTITICAEGGLV¥URDAG@Q@R
AAATTAATAACATCGTGGTTGAAAAGTTTTGGAATGAGTAAGCACAGTGTTTCCCGAGAA
KLITS SU¥LI KS SV FGMNSI KHS STYSRE
AAATTGGAAAAACGAATCGCTTCAGGAGTATACGAAATTTIGGAAAATATCGAAAAAACT
KLEI KT RTIWGAWSGYVYYETITLEUNTIEIZ KT
TCTGATGCTGCCTTGGACCTTCCTCATATGCTGACGAATTCTTTAGGAAACGTTGTCAAT
S DA ALDLUPHMLTDNSTLTGNYVYVYHN
GAGATAATATTCGGCTTTAAGTTTCCACCTGAAGATAAAACATGGCAATGGTTICGTCAA
EIIVFGVFI KV FUPPEUDI KTWQUWFRQ
ATACAGGAGGAAGGATGCCATGAGATGGGAGTCGCAGGTGTTGTAAACTICTTGCCCTTT
I Q EEGCHEMGYAGYYVNTFLPF
ATACGCCATGTTTCGCCATCAACACGAAAAACAATTGAAGTTCTAGTCCGTGGACAGGCA
I RHV SPSTRIEKTTIET YVLVYVRGA QA
CAGACGCATACTTTGTACGCAAGCATGATAGATAGACGAAGAAAAATGTTGGGCTTAGAG
Q THTULY ASNXTIDIZ RRIRIEKIMNTNLGTLE
AAGCCTAAGGGAGCCGAATATGCTCCTCACGAAAACCTTTTAAAACTATATCCAAATGGC
KPKGAEYAPHEUNLTLIEKTLTYUPTU NG
CATATCAAATGCATAAAATACAGCAAAGTCTCTCCGAACACCGAGCATTICTTTGATCCC
HI KCTIZKTYSIZ KV YS S[PRTETHTEFTEFTD.P
AATACTCTTATTCCGACTGAAGGAGATTGCATACTGGATAATTTICTGTIGGAGCAAAAG
W TLIPTNEGDT CTILTDUNTFLTLTEA QQEZK
AAACGATTTGAGAGTGGAGACCCAACGGCACTGTATATGAGAGATGAACAGTTACATTTT
KRFESGDPTALTYMPBRDEZG QLHF
CTACTAGCGGATATGTTCGGTGCCGGACTGGATACTACATCGGTGACTTTAGCTTGGTTT
LLaADMNMPFGAGLUDTTS SV V¥TLAWTF
TIGCTATACATGGCTTTGTTTCCAGAAGAACAGGAAGAAATACGTAAAGAAATCTTATCC
LLYMNMALYTFPETEZ QETETIRIKETITLS
GTATATCCATATGACGATGATGTTGATAGTTCAAGGTTACCTCTTCTTATGGCAGCAATC
¥y YPYDDD VD S SRLUPILTILMNAAZATI
TGTGAAACTCAGAGGATTCGATCGATTGTTCCAGTGGGAATACCCCATGGTTGTATAGAG
CETQURTIRTGSIVPVYVYGIUPUHGT CTIE
GACGCTTACTTGGGTAACTACAGAATCCCAAAAAATGCCATGGTGATCCCATTGCAGTGG
D AYLGNTY RTIZPIEKUNADNYTIUPILGQUW
GCTATTCACATGGATCCTAATGTTTGGGAAGAACCAGAAAAATTCAAACCGCGTAGATTT
A I HNXNDPNVYVE[EPETKTFTEKTPRT EH
TIGGCTCAGGATGGTAGTCTACTTAAGCCTCAAGAATTCATTCCGTTTCAAACTGGTAAG
L AQDGSLLEKPQET FTITPTFA QTSGHK
CGGATGTGTCCGGGTGACGAACTGTCCCGTATGTIGTCGTGTGGCCTCGTAAGTAGACTA
RHKCPGDELSRMLSCGLVSRL
TTCAGAAAGCAGCGTATTCGACTCGCATCAAAAATACCGACAGCAGAAGAGATGCGTGGA
FREKQRTIRLUSASKTIPTAETEIUMNNRSEG
ACCGTCGGTGTTACGTTGGCACCTCCTCCGGTGAAATACTATTGCGAACCAATTTAAITG

T VGV TLAPZPPVYEKYTYCEUPTI-
ACTAAAATTTTATTTGAATTCGCTTTTTATTAAAGTAGCGTTCAATAACATTAGTTGTAG
ATCTTTATG
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Fig. 5. Nucleotide sequence and amino acid sequence of the Bmcyp306a1 gene. This gene contained an ORF of 1617-bp long and encoded 538 amino acids. The start and the
stop codons were framed. Predicted polyA signal was underlined. Open boxes were important function sites (domain linker).
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Fig. 6. Genomic structure of Bmcyp306a1l. There are seven exons and six introns in this gene, and the 2nd and 7th exons are relatively short (146 and 147 bp, respectively),
while the 4th exon is the longest (448 bp). The splicing signals are exon/WG-intron-GT/exon (W: T or A).
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Fig. 7. Sequence distances of P450 BmCYP306A1 among eight species. The sequences are BAD23844 for BmCYP306A1, ABC96086 for Manduca sexta, XP-391946 for Apis
mellifera, XP_318345 for Anopheles gambiae, XP_968477 for Tribolium castaneum, XP_684136 for Danio rerio, BAB85489 for Homo sapiens, and NP_573319 for Drosophila

melanogaster.

with fluoride for 48 h, band A9 was confirmed from the sample of
midguts RNAs (Fig. 3).

3.3. Characterization of the Bmcyp306a1

Fragment A9 (Fig. 4a) was obtained and sequenced. Blast
searches in NCBI showed that it had high similarity to P450 gene
of insect. In silico cloning method showed that its full-length cDNA
sequence obtained a 1617-bp ORF (Fig. 5). It was Bmcyp306al-like
gene. Then two fragments were obtained from the re-amplification
by using specific primers. They were about 920 and 1050 bp long,
respectively (Fig. 4b). Both fragments contained a 340 bp superposi-
tion sequence which was amplified by sense primer of cross-primer
pair 2 and anti-sense primer of cross-primer pair 1, both of which
confirmed the existence of Bmcyp306al.

3.4. Bioinformatic analysis of Bmcyp306al

The above obtained cDNA sequence was blasted against genomic
sequences of B. mori in GenBank. It was found that this gene con-
sisted seven exons and six introns. The 2nd and 7th exons are
relatively short (146 and 147 bp, respectively), while the 1st and 4th
exons are relatively longer (319 and 448 bp, respectively) (Fig. 6).
The splicing signals are exon/WG-intron-GT/exon (W: T or A). The
cDNA sequence had high similarity to only one contig (Ctg006538),
suggesting that the Bmcyp306al gene was a single-copy gene in the
genome.

3.5. Analysis of amino acid sequence

SwissProt database (http://www.expasy.org/sprot/) was used to
find out profiles of the BmCYP306A1 protein. The molecular weight
of BmCYP306A1 was 61.58 kDa with 538 amino acids. The num-
ber of negatively charged and positively charged residues is 61 and
64, respectively. The theoretical pl is 8.22. The BmCYP306A1 has
one N-glycosylation site, nine N-myristoylation sites, six protein
kinase C phosphorylation sites, three casein kinase Il phospho-
rylation sites and one amidation site. The relatively long 1st and
4th exons were found to encode such important function site
as domain linker (PNTEHFFDPNTLIPT and EPEKFKPRRFLAQDGS
LLKPQEFI PFQT) (indicated as open boxes in Fig. 5).

3.6. Phylogenetic analysis of BmCYP306A1

The multi-sequence alignment was performed using DNAStar
5.0 software to identify P450 protein sequence distances between
eight species. The result indicated that the similarity of CYP306A1
reached as high as 80.1% between B. mori and M. sexta, which indi-
cated they were homology protein and belonged to a protein family.
The similarity of BmCYP306A1 with Drosophila melanogaster’s and
Apis mellifera’s P450 protein reached 38.4% and 42.0%, respectively.
The similarity between Homo sapiens and Danio rerio reached 40.3%.
The result of sequence distances of P450 protein among eight
species indicated that two generas of B. mori and M. sexta were
close in genetic relationship (Fig. 7). Phylogenetic tree showed that
B. mori has high genetic relationship with M. sexta but low genetic
relationship to H. sapiens. D. melanogaster was closely related to
Anopheles gambiae and Tribolium castaneum, H. sapiens showed high
genetic relationship to D. rerio (Fig. 8).

3.7. Bmcyp306al expression levels in midguts

Semi-quantitative PCR was used to find the expression levels
of Bmcyp306al. Bmcyp306al was exclusively expressed in 441DZ
and 441F (Fig. 9a). Bmcyp306al’s expression in 441F was lower
than in 441DZ, shown by real-time quantitative PCR (Fig. 9b).
The mRNA comparative copies of Bmcyp306al in 441DZ and 441F
were 0.21 and 0.17, respectively. These indicated that expression
of Bmcyp306al was affected in direct or indirect ways under the
condition of fluoride intoxication.

NP_573319 Drosophila melanogaster
XP_318345 Anopheles gambiae
XP_968477 Tribolium castaneum
ABC96086 Manduca sexta
[CYP306A1 Bombyx mori

XP 391946 Apis mellifera

XP_684136 Dario rerio

BAB85489 Homo sapiens

——
—

94.0 T T T T T T Y T T )
90 80 70 60 50 40 30 20 10 O
Nucleotide Substitutions (x100)

Fig. 8. Phylogenetic tree showing the relationship of BmCYP306A1 to other species’
P450 protein. The phylogenetic tree was generated based on the entire amino acid
sequences and the tree-drawing software DNAStar5.0.
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Fig. 9. Expression levels of Bmcyp306a1 in the midguts in two strains, which were
treated with different methods. (a) Lane 1, 440DZ; lane 2, 440F; lane 3, 441DZ; lane
4, 441F; Strain 440 did not express Bmcyp306al gene. Bmcyp306al was exclusively
expressed in strain 441. (b) Bmcyp306al mRNA levels in larvae of 441F and 441DZ.

Real-time quantitative PCR data were evaluated using the formula 2-4¢t (— ACt=Ctof
actin — Ct of Bmcyp306a1) to calculate the comparative copies. Comparative copies of
Bmcyp306al in untreated sample 441DZ vs. treated sample 441F were 0.21 and 0.17,
respectively. Each column and bar represented the average of three amplification
reactions.

3.8. Distribution of Bmcyp306al gene expression in different
tissues

Semi-quantitative PCR result indicated that the Bmcyp306al
gene expressed exclusively in midgut and ovary (Fig. 10). Indeed,
the cyp/actin optical density ratios were much higher in the midgut
and ovary than in other tissues studied (fat body, hemocyte, and
silk gland). This result was consistent with the results of patholog-
ical changes and FDD result. Differentially expressed Bmcyp306al
in different tissues proved that Bmcyp306al was related to fluoride
resistance to some extent and had distinctive tissue distribution.

4. Discussion

In this study, data of pathological changes including the growth
index and the mortality rate were obtained. These pathological
changes may be related with fluoride treatment time and the accu-
mulation and storage of fluoride in silkworm (Table 1 and Fig. 1).
These results are also consistent with previous researches that
fluoride intoxication might affect animals’ growth, biochemistry,
physiology, and pathology [14,15]. Resistance of silkworm strain
441 is a pre-adaptive phenomenon, so that even before exposure
to fluoride, these individuals already have appropriate factors that
allow them to survive from fluoride intoxication. A great number
of researches have been accomplished in other animals and great
progress has been made [16].

This report describes the use of FDD method to screen genes
involved in fluoride resistance. Several differentially expressed
fragments in fluoride resistant silkworms were obtained. The frag-
ment A9 was analyzed, which had high similarity with P450
cyp306al gene family. Cross-primers designed according with
cyp306a1 were used to prove the existence of A9 gene in midgut.

Bmcyp

Actin3
1 2 3 4 5

Fig. 10. Distribution of Bmcyp306al in different tissues of the strain 441. Lane
1, midgut; lane 2, fat body; lane 3, ovary; lane 4, hemocyte; lane 5, silkgland.
Bmcyp306al is exclusively expressed in midgut and ovary but not in other tissues at
48 h in 5th larva of silkworm. However, the expression level was low.

Then we designated it Bmcyp306al. Using bioinformatic tools, B.
mori genomes were analyzed to establish Bmcyp306al genomic
structure. Only Ctg006538 showed high similarity to the cDNA
sequence. It was also established that the Bmcyp306al gene was
a single-copy gene in the genome. This may indicate that it was
relatively conservative in B. mori. Amino acid sequence distance
and many studies also showed that P450 was different in many
species, which indicated different kinds of P450 had different func-
tions in species’ evolving and development. Bmcyp306a1l belonged
to the cyp306al gene family and might be related to fluoride
resistance.

The role of P450 in insecticide resistance first appeared in early
1960s when it was reported that the resistance of house flies to car-
baryl could be eliminated by the P450 inhibitor sesamex [17]. Since
then, the evidence supporting P450 on mediating resistance has
increased rapidly. P450 mediated detoxification is a very impor-
tant resistance mechanism because it not only confers high level
of resistance [18], but also provides cross-resistance to unrelated
compounds due to the wide variety of substrates that P450 can
metabolize [19]. The over-expression of P450 genes in resistant
insect strains is a common phenomenon. Cytochrome P450 gene
(CYP6a2)was expressed 20-30-fold higher in a malathion-resistant
strain (91-R) of D. melanogaster than in a susceptible strain [20]. Lots
of other evidence also proved these phenomena [21,22]. FDD-PCR
and semi-quantitative PCR indicated that Bmcyp306a1l was exclu-
sively expressed in midgut and ovary but not in other tissues in
resistant strain 441. These results shed light on the possibility that
Bmcyp306al also had the relationship with fluoride resistance in
midgut. Similarly, in early days of the fifth instar, quantitative-PCR
indicated that expression level of Bmcyp306a1l was higher in 441DZ
than in 441F, which indicated P450 may metabolize fluoride by a
single- or multi-step process [19,23] and may be influenced by time
and dose of fluoride treatment. P450 was down-regulated under the
inducement of fluoride. Down-regulation of Bmcyp306a1l’s expres-
sion was consistent with pathological changes, which also might
suggest Bmcyp306a1l has the function of enduring fluoride with the
aid of other unknown factors.

Due to P450’s pivotal function, tissue-specific expression was
analyzed using semi-quantitative PCR. Tissue-specific expression
of Bmcyp306al proved that Bmcyp306al had distinctive tissue
distribution. Bmcyp306al was mainly distributed in midgut and
ovary in strain 441. Previous researches proved that the resistance
was inherited and survivors could pass the resistant gene(s) to
their offspring [24]. So, the tissue-specific expression indicated
that expression of Bmcyp306al in ovary was associated with its
heredity function. Differential expression of Bmcyp306al between
silkworm strain 441 treated with fluoride and the control group
indicated that Bmcyp306al was indeed affected by fluoride intox-
ication in direct or indirect ways. This result was in accordance
with the previous study [25]. In strain 440, Bmcyp306al was not
obtained, which indicated that Bmcyp306al was not only a fac-
tor that facilitated highly resistant silkworm strain 441’s normal
growth, but also had further cooperation with multiple micro-
effect genes. The former and present studies also indicated that
there was obvious dose-effect relationship between the fluoride
concentration and the pathological changes. Fluoride also caused
DNA damage and apoptosis and some other pathological changes
[26]. Based on these, we supposed that Bmcyp306al and other
co-operation factors could affect or mediate fluoride metabolism
to alleviate intoxication [27]. We also supposed that the expres-
sion level of Bmcyp306al had significant difference in temporal
expression. To determine the detailed functions of P450 gene
and other factors in fluoride resistance, further researches on
the functional assay and the catalytic activity are being carried
out.
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5. Conclusion

Fluorosis might affect animals’ growth, biochemistry, physiol-
ogy, and pathology. Pathological changes may be related to fluoride
treatment time, the accumulation and storage of fluoride in the silk-
worm. Fluoride has toxic effects on silkworm body color, behavior,
and can affect silkworm’s growth and mortality rate, but fluoride’s
toxic effects were different in different strains. Highly suscepti-
ble silkworm strain 440 displayed a stronger pathological changes
compared with highly resistant silkworm strain 441. Fluorosis
relatively caused the body weight drop and mortality rate ele-
vated in strain 440F. Meanwhile, strain 441 demonstrated certain
resistance in delaying the time of first death. Moreover, fluoride
might affect gene expression profiles. Expression analysis indicated
Bmcyp306al was exclusively expressed in 441DZ and 441F and
was down-regulated under fluoride treatment. The tissue-specific
expression indicated that Bmcyp306a1 had high-expression level in
midgut and ovary in 441F. The data revealed that there was obvious
dose-effect and times relationship with the pathological changes
and gene expression. Expression profiles of Bmcyp306al suggested
that P450 gene was crucial to physiological modification and might
be involved in fluoride resistance. All these might elucidate fluoride
effect and provide a new method in the fluorosis research.
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