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Molecular cloning of heat shock protein gene HSP90
and effects of abamectin and double-stranded RNA
on its expression in Panonychus citri (Trombidiformes:
Tetranychidae)

Huixia Tian', Shijiang Yu', Bin Liv?, Juan Yang?, Xiaojiao L', Jiansu Yue', Fei Chen?,
Lili Ding®, Haoqiang Liv*, Hongjun Li*, Lin Cong® and Chun Ran"*>"

Abstract

Panonychus citri McGregor (Trombidiformes: Tetranychidae), the widely distributed citrus red mite, has developed resistance to most reg-
istered acaricides. Adaptation of arthropods to extreme environmental conditions has been related to increased expression of their heat
shock proteins (HSPs). The objectives of this study were to explore the relationship between HSPs and resistance of Panonychus citri to the
acaricide abamectin and the adaptation of Panonychus citri to high temperatures. The full-length cDNA of the HSP90 gene was cloned from an
abamectin-sensitive strain of Panonychus citri. This gene consisted of 2,495 nucleotides with a complete open reading frame (ORF) of 2,169
nucleotides. This gene encoded a polypeptide of 721 amino acids with a predicted molecular weight of 83.44 kDa, a theoretical isoelectric
point of 5.06, a 3' untranslated region (UTR) of 228 bp, and a 5' UTR of 98 bp. The results of real-time PCR analyses indicated that the expres-
sion of the HSP90 gene in P. citri was markedly affected by the concentration of abamectin, the duration of exposure to it and the temperature,
suggesting that the up-regulation of the HSP90 gene may play an important role in abamectin resistance and adaptation to high temperatures
in Panonychus citri. The results of RNA interference experiments indicated that the HSP90 gene from adult female Panonychus citri was sensi-
tive to down-regulation by double-stranded RNA (0.1-0.2 pg/uL). This study provides a molecular basis for further analysis of the relationships
between the HSP90 gene and the resistance of Panonychus citri to abamectin and to high temperatures.
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Resumen

Panonychus citri McGregor (Trombidiformes: Tetranychidae), el dcaro rojo de los citricos ampliamente distribuido, ha desarrollado
resistencia a la mayoria de los acaricidas registrados. La adaptacion de los artrépodos a condiciones ambientales extremas se ha
relacionado con el aumento de expresidn de sus proteinas de choque térmico (HSPs, en inglés). El objetivo de este estudio fue
explorar la relacidn entre el HSP y la resistencia de Panonychus citri al acaricida, abamectina, y la adaptacion de Panonychus citri a
altas temperaturas. El ADNc de longitud completa del gen HSP90 fue clonado a partir de una cepa de Panonychus citri sensible de
abamectina. Este gen consistié en 2,495 nucledtidos con un marco de lectura abierto completo (ORF) de 2169 nucleétidos. Este gen
codifica un polipéptido de 721 aminoacidos con un peso molecular predicho de 83.44 kDa, un punto isoeléctrico tedrico de 5.06,
una region 3' no traducida (UTR) de 228 pb y una 5' UTR de 98 pb. Los resultados del andlisis de PCR en tiempo real indicaron que la
expresion del gen HSP90 en P. citri fue marcadamente afectada por la concentracién de abamectina, la duracién de la exposicién a la
misma y la temperatura, lo que sugiere que la sobre regulacion del gen HSP90 puede jugar un papel importante en la resistencia a la
abamectina y a la adaptacion a las altas temperaturas en P. citri. Los resultados de los experimentos de interferencia de ARN indica-
ron que el gen HSP90 de la hembra adulta de Panonychus citri fue sensible a la baja regulacion de ARN de doble cadena (0.1-0.2 g/I).
Este estudio provee una base molecular para el analisis adicional de las relaciones entre el gen HSP90 y la resistencia de Panonychus
citri a la abamectina y a altas temperaturas.

Palabras Clave: acaro del rojo de los citricos; abamectina; HSP90; ARN de doble cadena; mecanismo de resistencia

The citrus red mite, Panonychus citri McGregor (Trombidiformes:  world, including in the citrus growing areas of China (Liu et al. 2011;
Tetranychidae), is a citrus pest widely distributed throughout the Xia et al. 2014). P. citri punctures and feeds on the contents of cells,
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mainly of leaves, tender shoots, flower buds and fruit of citrus plants.
The severe damage these mites cause induces loss of leaves, flow-
ers and fruits and reduces citrus yield. Chemical control remains the
most effective method for controlling P. citri. However, P. citri eas-
ily develops resistance to acaricides because of the mite’s minuscule
size, rapid production of generations and strong reproductive per-
formance. Panonychus citri is resistant to most currently registered
acaricides (Furuhashi 1994; Hu et al. 2010; Ouyang et al. 2012). The
new antibiotic acaricide abamectin is effective against eggs, larvae
and adult mites. Since abamectin was first introduced onto the Chi-
nese market in 1991, it has played an important role in control of
mite pests in China. Currently, more than 10 companies produce the
active ingredient, abamectin, and approximately 300 organizations
have registered abamectin formulations, of which approximately
140 enterprises have registered abamectin formulations to control
P. citri (Chemical Book. 2010; China Pesticide Information Network).
However, due to the long-term application of abamectin, many pest
mite species have evolved resistance to it, and abamectin-resistant P.
citri have appeared in some areas of citrus production (Zhang et al.
2013), hindering the sustainable control of this pest. Revealing the
molecular mechanism of this resistance is crucial for coping with the
resistance problem.

Heat shock proteins (HSPs) are rapidly generated in both prokary-
otes and eukaryotes under environmental stress. The increase of HSPs
in arthropods is related to their adaptation to extreme temperature,
drought, radiation and pesticides (Feder & Hofmann 1999; Padmini
2010; Akerfelt et al. 2011; Zhu et al. 2013). A recent study indicated
that the abamectin resistance in Tetranychus cinnabarinus (Boisduval)
(Trombidiformes: Tetranychidae) may be associated with an increase in
HSP90 gene expression (Feng et al. 2010). Some abamectin resistance
has been generated in P. citri, but the molecular mechanism for this
resistance remains unclear. Therefore, it is essential to elucidate the
relationship between HSPs and abamectin resistance in P. citri.

RNA interference (RNAi) has been widely applied in the analysis
of gene function (Fire et al. 1998; Campbell et al. 2010; Li et al. 2011).
It is a post-transcriptional gene silencing process induced by double-
stranded RNA (dsRNA), with gene expression inhibited by interference
in the translation or transcription of specific genes. Due to the small
size of individual mites, few studies have been conducted by employing
RNAI technology in mites, and to date, no studies have applied RNAI
technology to examine gene function in P. citri. Thus, we sought to
establish an appropriate RNAi methodology to systematically analyze
the function of HSPs in P. citri.

To determine the relationship between HSPs and the abamectin
resistance of P. citri, as well as to examine the mechanism for the ad-
aptation of P. citri to high temperatures, the complete HSP90 gene se-
quence from an abamectin-sensitive strain of P. citri was cloned. The
influence of abamectin on the expression of the HSP90 gene in P. citri
adult females by various abamectin concentrations and temperatures
was analyzed. In addition, a methodology for silencing the HSP90 gene
was developed using RNAi to systematically analyze the function of
HSPs in P. citri.

Materials and Methods

EXPERIMENTAL MATERIALS

A relatively abamectin-sensitive P. citri mite strain, bred on a
lemon tree in an abamectin-free field in the Citrus Research Insti-
tute of the Chinese Academy of Agricultural Sciences, was collected
in 2013. The experimental population was established with lemon
leaves as the host plant, and adult female mites (15 days old) were
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the experimental materials. Panonychus citri was reared indoors us-
ing the leaf disc method (Li et al. 2014). The culture dish was 9 cm in
diam, and the dish was covered with a wet sponge of the same diam.
An explanted fresh lemon leaf was placed over the sponge with the
abaxial side facing upward, and the leaf margin was surrounded by
a degreased cotton strand. This strain was maintained in an indoor
laboratory at 25 + 1 °C with 70-80% relative humidity (RH) and a
14:10 h light: dark cycle.

The 1.8% abamectin EC was purchased from Liuzhou Huinong
Chemical Co., Ltd. (Liuzhou, Guangxi).

CLONING AND SEQUENCE ANALYSIS OF THE HSP90 GENE FROM
P. CITRI

After the protein sequences of HSP90 from Ixodes scapularis, Xen-
opus tropicalis, Chiromantes haematocheir, Tigriopus japonicus, Liri-
omyza sativae, and Equus caballus were obtained from NCBI, 2 pairs of
degenerate primers were designed with Primer Premier 5.0 to amplify
the HSP90 fragment: HSP90-DF1 (5'-GGCACCAAGGCCTTCATGgargc-
nytnca-3'), HSP90-DR1 (5'-GCCCGGAACTCCAGCtgnccytcnac-3') and
HSP90-DF2  (5'-GCCAAGTCCGGCACCAAGGCnttyatggarg-3'), HSP90-
DR2 (5'-CATGATGAACACCCGCCGCacrtanarytt-3'). The same sequence
was obtained while the middle fragment was compared with tran-
scriptome database, and 2 specific primers were designed for each
fragment: HSP90-5GSPR1 (5'-CCACCAGCCGAGGACTCCCACACAT-3'),
HSP90-5GSPR2 (5'-TACCACGACCAAGGGGCTCACCAGT-3') and HSP90-
3GSPF1 (5'-GAAGACAAGGGACAAGGAACTCAGCGA-3'), HSP90-3GSPF2
(5'-AAACCAAGCCTATCTGGACCCGCAAT-3').The sequences of the 5'-end
and 3'-end of HSP90 gene from P. citri were amplified.

The total RNA of P. citri was extracted based on the instructions
provided in the RNAprep Pure Micro kit (TTANGEN). The PrimeScriptRT
reagent kit with gDNA Eraser (TaKaRa) was used to synthesize the cD-
NA. The PCR amplification was conducted according to the method of
Staheli et al (2009). The amplification of the cDNA ends was conducted
according to the instructions provided in the SMARTerRACE cDNA Am-
plification kit and the Advantage 2 PCR kit (Clontech).

DNA sequences were subjected to the BLAST tool on the NCBI
website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The 5'- and 3'-end
sequences were spliced with DNAMAN 5.0. The online software ORF
Finder from NCBI (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) was
used to analyze the open reading frame of the complete HSP90 gene
sequence in P, citri. Using Mega 4.0 and ClustalX, P. citri was compared
with 4 insect/mite species showing high amino acid sequence homol-
ogy to determine the degree of homology.

BIOASSAY METHOD

The slide impregnation method recommended by Food and Agri-
culture Organization of the United Nations was employed for treat-
ment applications (Busvine 1980). Based on preliminary experiments,
the abamectin solutions were prepared with 5-7 concentrations using
a geometric series of mortalities (20%—90%) in P. citri adult females.
Double-sided adhesive tape (3 cm) was adhered to one end of a clean
slide. Healthy adult female mites were picked using a small brush and
the dorsal side of the mite was affixed to the tape. Each slide held
30 individuals, and 4 replicates were used for each treatment. For the
treatment group, the slides with the adhered mites were immersed in
an abamectin solution, mildly agitated for 5 s and then removed. Mites
in the control group were similarly treated but with clean water instead
of abamectin. Excess solution on the surface of the P. citri females was
removed with absorbent paper. The mites were then air-dried at room
temperature for 15 min and placed into an illumination incubator (25
+ 1 °C, RH 70-80%). After 24 h, the mites were observed using a bin-
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ocular lens, and the number of dead and living mites was recorded.
Data were processed using SPSS 17.0 software. The toxicity regression
equations were fitted, and the LC,,, LC,, and LC,, values of abamectin
were calculated.

257

EFFECT OF ABAMECTIN CONCENTRATIONS AT VARIOUS
TEMPERATURES ON HSP90 GENE EXPRESSION IN P. CITRI ADULT
FEMALES

After the adult female mites were treated with abamectin solutions
at concentrations equivalent to the LC,,, LC, and LC,, subgroups of
these mites were further subjected to one of three temperatures: 18
°C, 25 °C or 32 °C. Surviving mites were collected after 1, 6, 12, 18, 24,
36 and 48 h. The untreated control group was kept at room tempera-
ture (25 °C). To determine the effect of temperature on the relative
expression of the HSP90 gene from P. citri, the mites were treated for
various times with one of 2 temperatures: 18 °C or 32 °C. The sur-
viving adults were collected and placed into 1.5-mL centrifuge tubes.
The specimens were frozen in liquid nitrogen and stored at -80 °C until
needed in various analyses.

The RNA and cDNA were extracted based on the method described
in section 1.2.2. The upstream and downstream primers were designed
with Primer Premier 5.0 to detect the relative expression of HSP90
mRNA from P. citri, i.e., HSP90-F: 5'-TGAAAGTGATCCGCAAGAACC-3'
andHSP90-R: 5'-CTGTCCTCGTGAATTCCAAG-3'. The upstream and
downstream primers for the reference gene ELF1A (Niu et al. 2012)
were as follows: ELF1A-F: 5'-GGCACTTCGTCTTCCACTTC-3', and ELFA-R:
5'-ATGATTCGTGGTGCATCTCA-3".

The comparative C, method (Livak & Schmittgen 2001) was used
to detect the variation in the relative expression of the HSP90 gene
in P. citri adult females at the 3 temperatures and various abamectin
concentrations. Real-time fluorescent quantitative PCR (RT-qPCR) was
conducted with SYBR Premix Ex Taq (TaKaRa). The PCR reaction sys-
tem (20 pL) was as follows: SYBR Premix Ex Taqll, 10 pL; upstream and
downstream primers, 0.5 plL each; cDNA template, 2.0 uL; ddH,0 7.0
pL. The reaction conditions were as follows: predegeneration at 95 °C
for 30's; 95 °Cfor 5s, 60 °C for 30's, 40 cycles; 95 °C for 15 s, 60 °C for
15 s. The melting curve was recorded at 95 °C for 15 s. Each test had 3
replicates. The RT-PCR was conducted with Bio-Rad iQ5. At the end of
the reaction, C, values were collected and the relative gene expression
was calculated with the 2**"method.

Reference genes are considered genes that maintain stable expres-
sion levels under different experimental conditions and in various tis-
sues and cells. Although the relative HSP90 gene expression by the
adult female mites changed with temperature and abamectin concen-
tration, the data could be normalized through corrections using the
expressed amount of reference genes in the corresponding sample.

RNA INTERFERENCE OF THE HSP90 GENE FROM P. CITRI

The double-stranded RNA (dsRNA) synthesized by Wuhan Cell
Marker Biotechnology Co., Ltd. (5'-GCTAGGTTTGGGTATTGAT-3') was
diluted (0.1 pg/pL, 0.2 pg/pL and 0.4 pg/pL) and then used to feed
adult female mites that were at the same developmental stage. The
dsRNA solution was applied under a microscope to the mouth parts of
the mites by a clean fine brush (number 0) that had been treated with
DEPC (diethyl pyrocarbonate) and dipped in the dsRNA solution. The
mites in the control group were supplied with clean water. The adults
were placed into an illumination incubator (25 + 1 °C, RH 70-80%), and
the surviving individuals were collected after 6, 12, 24 and 48 h and
placed into 1.5 mL centrifuge tubes. After freezing in liquid nitrogen,
the specimens were stored at -80 °C.
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DATA PROCESSING

The mortality rates were corrected by Abbott’s formula, and the
data were used to fit a toxicity regression equation using SPSS 17.0. A
X’ test was used to test the LC,,, LC, and LC,, values at the 95% confi-
dence interval to verify the accuracy of the toxicity regression equation
using SPSS 17.0 software. The 2" method was applied to calculate
the relative expression of HSP90 mRNA in P. citri in the different treat-
ment groups. The expression level in the control group was used as the
background value. The difference in the relative expressions of HSP90
mRNA between treatment and control groups examined at the same
temperature were analyzed with Student’s t-test (P < 0.05). Differences
across treatment groups were examined with multiple comparisons us-
ing One-Way ANOVA (LSD method) (P < 0.05).

Results and Analyses

CLONING AND SEQUENCE ANALYSIS OF FULL-LENGTH HSP90
GENE FROM P. CITRI

The 5'-end and 3'-end fragments were spliced with DNAMAN 5.0
after RACE amplification. This HSP90 gene consisted of 2,495 nucleo-
tides with a complete open reading frame (ORF) of 2,169 nucleotides
(GenBank: HQ257511.1), encoding a polypeptide of 721 amino acids
with a predicted molecular weight of 83.44 kDa, a theoretical isoelec-
tric point of 5.06, 3' untranslated region (UTR) of 228 bp, and 5' UTR
of 98 bp (Fig. 1).

1 gateagtctigtgagt atogtogagrzaget togtecett et gt goocgagroggotaccacttt gtt ot canagrgtcgrt tortat t

a1 atat caaghlRoC IGAGE AMCC AATCCAGCAGG ATG TG AGACC TT TOCC TTCCAS GC TRAG AT TOC TCAGCT TATG TCCCTCAT TATCA
MPEEPMNOQQDYETFALAFQAETIAHZQLINSLITI

181 ACACCTTCTATTCAMACAAGG ACATCTTTTTGCG A5 AT TCAT TTOGAAC TCC TC TGATGC TCTGGACARAATCOG ATATGAG TCACTCA
NTFTYSNEKEEIFLEELTISNSSDALDETIRTES L

271 CHEACCCATC ORI TORAGTC T66 4465 A5 T TG TOCATCAGG AT ATCCT TGAC AAGGARMATOSCATCCTCACACT TAT TGACATTG
TDPSERLEGSGEXELSIRIIPDEENRTLTLTIDT

361 GTATTGE TATGACCAAGGC TG ACCTT6 TCAACAACT 1666 TACCAT TEC TAAG TCT66 TAC TAAGGCC TTCATGRAMGCTCTGCARGL TG

G I ¢ XTEKALADLTYVHNLGSGTITILIALZEKESGETEASLTFMNEALLQA
451 GTGCTGACATCTCTATGATTGG TCAATT T6G TG TGGG TT TCTACTCAGC T TACCTG G TGEC TGACOGCCTCAC TG TTACT TCCAAGCATA
G ADIESNIGQFGVGEFYSAYLYADEREVTVTSEH

541 ATGATGATG ALCAGTATG TGTGOCAGTCCTCCGC GG TG ATCC TTCAZC ATC ALACACGACACCATTGE TCAGOCCCTTGE TOR TG TA
FDDE@Q@YVYWESSAGGESFTIEKEHRHDTTIOGETFPLSGSGRGEG
831 CCAMGATTG TTCTGCATATGAMGE AGG ACT AT TG A5 TACC TGCAGGAG TR G ALT ATC ARG CARATCOTC AMG AMGCAT ICACAG TTCA
TX¥IVLHMNEKEETDOAQTETLETETEREKTIEKETITVEEESSaF
721 TIGGCTATCCCATCAAGC TCATGE TCGAGAAGAC MG GG ACARGGALCTC AGCCAGGATGAGCATCALGAAG AAGAA AAG AAGGATAAGT
I6¢YPIEXKLMYEEKTERTDEELT SETDETDETETETETETETEK
g1l ATGAATAGAAT AAGE AGGG TG ATG AN ATAC TCCGARGAT IGAGGA TG T AGG AGAAGAAGA TG ALGAT AL AGAT AAALAG AAGAAAAAG &
D EEEXEKEEGDETDTPETIETDTVGEETDETDTEKETEKTETEEKHEK
201 AGACTE TCALGGALAAGTACACHG AN ATF AGG AGC TGALTALA T AAG O TATC TGG ACCOGC AL TCARGATGAT ATC ATCCAAGALG
ET V¥ XEEKXKYTETDEELUINETETPTIWTRDENE®DDITSGQE
91 AGTACGGAGAG TTCTACALGTC TTTGACALATE ATTGGGALS AACAC TTGEC TGTG AMGCACTTC TC TCTCGALGG ACAGCT TGAG TTCC
EYG&EFYEKESLIHNDWEEUHLLYEKEHFSVEGQLTETF
1081 GAGCTCTGTTE TTORC TOCCAGGCGAGCOCCCT TOR AOCTCT TTGALAAC AL ALAG AAG ARG 0T ACATC MAGCTG TATGT TORCOG TG
R4 L LFALPREREALUPFDLTFENTEKEERXEEKEDNDINITIEKELTTYERTE
1171 TCTTCATTATGGACALCTG TG AAG O T TAT TCCAG AAT O TCALC TTC AT TAGGEGGGT TGT TGACAS TEAAGATCT TOCTCTGARC A
¥FIXDNCEDLTIFETLNFIRGVYDSISETDLTPTLHN
1261 TCTCACGAGALACGC T TCAGC AGARCAAGAT TC TGAAMG TGATCORC AMG ARCCTGAZ T AMG SAG TE TTTGEAGCTG TT TGALGALTTGG
I 3SRETL®@NEILETY¥IEREXDNLTEET CLETLTFTETETL
1351 CAGAGGACAAGGANC TCTACAAGAAGT TCTATG AGCAGTTCTCARAG AATCTG AAGCT TGG AT TCACGAGGAC AGCACCCACCRCARG A
4 ED EELTYTEKEEFTYEQF SENLELGIHETDSTEHTEREK
1441 ARTTCEC TG ALCTOC TCAGGTATCACACCTC TRCATC GG TCATGAGATG TEC TCTCTG AMG CAC TACTTCAGCOGCATG AAGGAGAATC

ELAELLERETYTHTISASGDENCSLEDTYLSENEETH
1631 AGAAGTECATCTATTATATCACTGG TC ARG CCGOGACCAGG TAGCT AL T TCAGCCTTTGTAGAG UG AG TG AAG AMG OG TCGATT TEAGG
g KCI Y ¥ I1ITG6ESRE®QVYALNSISALFVEERTYIEKEKT RTETFE
1821 TGGTGTACATCACCEAGTCCAT IGATC AATATC TGG T ICAGCAMCTG AMGGAG TTCCATGG GAMG CAG TTCG TG TCAGTCATC AMG GAGG
¥Y¥Y¥YMTEPIDETYTVTV@QaeLEKETFTDCGE=QLTSESVTIEKE
1711 GITTGEAGCTTCC AN AT AGG ALG AGA AGAAGARGCGGG AGGAAGAT AMGGCCAAG TTTGAG AL TCT T TGC AL AGTAATG AAGGACA
G L ELPETDEEEZE KTEKEZREETDEKUSALETFEIUNLTCETVMNMNEKTLD
1801 TICTTGATALGARGG T TEAGALMG TAG TTG TG TCCAATAGAT TGGT AGAATC TOCT IG TIGCAT TG ICACATCCCAG TATGG TIGE ACTG
ILDPEEKYEEREKYYVYVSHNRLVESPCCIVISSQTYG6EWT
1891 CARATATEGALCG TATCATGALGGCOCAGGCTCTOCG TG ATACC TCCACCATGGG T TATATGRC TGC TALA RAGCAT TTAGAGATTALTC
L NMEERINEALAQALRDTSTNGTNAAEREEKEHLETLIHN
1g81 CIGATCATGCTAT IGTTEALAC TCTTAGEC ACALMGC TG ACGC TCAT AMG A TCACALGGC TCT TARACATCTAGT TATGCTTCTTTT TG
P DHALAIYETLERS®SEKAESLDIEKIHNTDEALYEKDLVYXLLF
2071 AACAGCTCTCC TCTCATCAGGCT TTCCOC TOR AGG AT C TCAGGT TCATGC TECCOGCAT TCATOG TATG AT TARG CTAGG TTIGGC TA
ET4&LL 355 6GF ALEEPOQ@VHSLZALERIHEMNTIEKETLGEGLESE
2161 TIGATGAGGATCATG TTCC TG ARACAMACG AT ATG T TALGGATCT TEAG ATCOCTCC TCT TCAAGC TEATGC TGAGCATGC TTCCOG TA
IDEDDYFPETEKEDDYVEDVENPALLQALDAETDASTE
2251 TGGAAGMGTAGAMTaactaattagttaattaat'tta’(a‘tctttttttaz(ttt‘tcctt‘ttcgccaaagccgccatcacactgtcc
MEETVD #
2341 gtaatgtaatgctgtgtagtgtcaaaatcoooctttocatt oot accagt att oot ggt ctoacat ghacct ghtaccagt gt tatgtoat
2431 tgcaacttttttaat atattaaatatgtgkocagt

Fig. 1. The cDNA and deduced amino acid sequence of HSP90 of Panonychus
citri adult females. The start and stop codons are boxed; the numbers on the left
are for the positions of nucleotides and amino acids in the sequences.



40

Multiple alignments were performed with DNAMAN 5.0 on the
amino acid sequences of HSP90 genes of P. citri McGregor and Frankli-
niella occidentalis (Pergande) (Thysanoptera: Thripidae), Trialeurodes
vaporariorum Westwood (Hemiptera: Aleyrodidae), Pteromalus pu-
parum (L.) (Hymenoptera: Pteromalidae), Tetranychus cinabarinus
(Boisduval) (Trombidiformes: Tetranychidae). The results indicated
that they shared several conserved motifs and displayed high amino
acid sequence homology (Fig. 2).

ABAMECTIN TOXICITY BIOASSAY

2015 — Florida Entomologist — Volume 98, No. 1

In adult female P. citri the lethal concentrations of 1.8% abamectin

EC were determines by a bioassay. Thus the LC

LC,, and LC,, were

determined to be 0.0206 mg/L, 0.0572 mg/L and 0.1586 mg/L, respec-

tively (Table 1).

EFFECTS OF ABAMECTIN CONCENTRATION AT 18 °C ON THE

RELATIVE EXPRESSION OF HSPOO IN P. CITRI

After treatment at 18 °C with various concentrations of abamec-
tin, the relative expression levels of HSP90 in P. citri increased within
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Fig. 2. Alignment of HSP90 amino acid sequence of P. citri McGregor and its homologus amino acid sequences from other species (Frankliniella occidentalis,
Trialeurodes vaporariorum, Pteromalus puparum, Tetranychus cinabarinus).
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Table 1. Toxicity of abamectin to Panonychus citri adult females.

LC,(Cl,,)* LC,,(Cly) LC,(Cl,)
Toxicity regression equation R X (mg/L) (mg/L) (mg/L)
Y =6.8926 + 1.5233X 0.9987 0.5075 0.0206 0.0572 0.1586

(0.0148-0.0269)

(0.0464-0.0686) (0.1339-0.1906)

*Cly,, 95% confidence interval.
a short time, but then gradually decreased to levels comparable with
those in controls (Fig. 3).

EFFECTS OF ABAMECTIN CONCENTRATION AT 25°C ON THE
RELATIVE EXPRESSION OF HSP9O IN P. CITRI

After treatment at 25 °C with various concentrations of abamectin,
the relative expression levels of HSP90 in adult female P. citri decreased
within a short time, then fluctuated, and subsequently were gradually
restored to levels comparable with those in controls (Fig. 4).

EFFECTS OF ABAMECTIN CONCENTRATION AT 32 °C ON THE
RELATIVE EXPRESSION OF HSP9O IN P. CITRI

With various concentrations of abamectin at 32 °C, the relative
expression levels of HSP90 in adult female P. citri increased within a
short time, then fluctuated, and subsequently were gradually restored
to levels comparable with those in controls (Fig. 5).

EFFECTS OF TEMPERATURE ON THE RELATIVE EXPRESSION OF
HSP90 GENE IN P. CITRI

The adult female mites were subjected to 1 of 2 temperatures (18
°C or 32 °C) for various lengths of time to determine the effects of
temperature on the relative expression of HSP90 gene in P. citri. The
control group was maintained at 25 °C. At 18 °C, the relative expression
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Fig. 3. Relative expressional levels of HSP90 mRNA in P, citri adult females after
treatment with abamectin at LC,, LC,, and LC,levels for the indicated times at
18 °C.Data are shown as means of 3 replicates * SD. The relative expression
level of HSP90 mRNA in the control group is equal to 1.0 and is marked with a
dashed line. The asterisk above the bar indicates a significance difference be-
tween treatment with abamectin and control group (t-test, P < 0.05).
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Fig. 4. Relative expressional levels of HSP90 mRNA in P, citri adult females after
treatment at 25 °C with abamectin concentrations of LC,,, LC,, and LC, for the
indicated times. Data are shown as means of 3 replicates + SD. The relative ex-
pression level of HSP90 mRNA in the control group is equal to 1.0 and is marked
with a dashed line. The asterisk above the bar indicates a significance difference
between treatment with abamectin and control group (t-test, P < 0.05).

of HSP90 in P. citri increased within a short time, then fluctuated, and
subsequently increased above the level of controls. At 32 °C, the rela-
tive expression of HSP90 in P. citri decreased within a short time, but
then increased above the level of controls (Fig. 6).
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Fig. 5. Relative expressional levels of HSP90 mRNA in P, citri adult females after
treatment at 32 °C with abamectin concentrations of LC,,, LC,, and LC, for the
indicated times. Data are shown as means of 3 replicates + SD. The relative ex-
pression level of HSP90 mRNA in the control group is equal to 1.0 and is marked
with a dashed line. The asterisk above the bar indicates a significance difference
between treatment with abamectin and control group (t-test, P < 0.05).
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Fig. 6. Relative expressional levels of HSP90 mRNA in P. citri adult females
subjected to 18 °C or 32 °C for the length of time indicated. Data are shown
as means of 3 replicates + SD. The relative expression level of HSP90 mRNA in
the control group is equal to 1.0 and is marked with a dashed line. The asterisk
above the bar indicates a significance difference between treatment with tem-
perature and control group (t-test, P < 0.05).

DSRNA INTERFERENCE OF HSP9O IN P. CITRI

After the treatment with 0.1 pg/uL of dsRNA for 48 h, the rela-
tive expression levels of HSP90 in adult female mites were significantly
down-regulated compared with those in the control group. With 0.2
pg/uL of dsRNA, the relative expression of HSP90 in P. citri first de-
creased but then increased 5.25 fold after 48 h (P < 0.05). After treat-
ment with 0.4 pg/uL of dsRNA, the relative expression of HSP90 in P,
citri fluctuated and then was gradually restored to levels comparable
with those of controls (Fig. 7).

Discussion

Development of resistance in arthropods is mainly caused by
decreased target sensitivity and increased activity of detoxifying
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Fig. 7. Relative expressional levels of HSP90 mRNA in adult female P. citri Mc-
Gregor after treatment with dsRNA at concentrations equivalent to 0.1 pg/uL,
0.2 pg/uL and 0.4 pg/uL. Data are shown as means of 3 replicates + SD. The
relative expression level of HSP90 mRNA in the control group is equal to 1.0 and
is marked with a dashed line. The asterisk above the bar indicates a significance
difference between treatment with dsRNA and control group (t-test, P < 0.05).
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enzymes (Ran et al. 2009; Liu et al. 2011). Although acaricide resis-
tance in P. citri is rampant, there is less research on the elucidation
of resistance mechanisms in this mite than on other arthropods,
and, thus, the molecular mechanism for resistance of P. citri to most
acaricides remains unclear (Chen et al. 2009; Niu et al. 2012). A
previous study suggested that abamectin resistance of T. cinnabari-
nusis was related to an increase in its HSP90 expression (Zhu et al.
2013). In the present study, the full-length sequence of the HSP90
gene from P. citri was obtained by cloning, and then the effects
of various abamectin concentrations on the HSP90 expression in P.
citri adult females were analyzed. The results indicated that abam-
ectin treatment at various times induced a marked up-regulation
of the HSP90 gene in female adult P. citri, suggesting that the resis-
tance of P. citri to abamectin may be related to the up-regulation
of HSP90 gene.

As a chaperone protein, HSP90 maintains protein stability when
stress tends to denature proteins and cause them to aggregate into
nonfunctional structures. Thus under high or low temperature stress,
HSP90 is overexpressed to maintain the stability of proteins in organ-
isms, and when appropriate environmental conditions are restored,
HSP90 expression returns to normal levels. This regulation is likely the
reason why HSP90 was temporarily upregulated, as shown in Figs. 3-5,
in the present study. The optimal temperature for normal growth of P.
citriis 25 °C, probably because this temperature is optimal for enzyme
activity. Either higher or lower temperatures may influence the regu-
latory element of the HSP90 gene. Therefore, as shown in Fig. 4, the
variation of HSP90 expression in the adult female mites was more ro-
bust below 25 °C. Moreover, at the three temperatures, the mortality
of the adult female mites increased with the pesticide concentration
over time. When the effect of temperature on HSP90 gene expression
in P. citri was further analyzed, we found that high temperature also
induced an increase in the expression of this gene, suggesting that up-
regulating the HSP90 gene may also promote resistance to high tem-
peratures in P. citri, but these results also indicated the need for further
functional analysis.

RNA interference is an important tool for analyzing gene functions
(Campbell et al. 2010). Two common methods used for RNA interfer-
enceinarthropods are injection and feeding (Blandin et al. 2002; Soares
et al. 2005; Turner et al. 2006; Walshe et al. 2009; Huvenne & Smagghe
2010). Because of the small size of mites, the injection method affords
better results than feeding for gene silencing, but mortality is higher
with the injection method. By contrast, the feeding method affords
a lower mortality rate, but the gene silencing is not ideal (Chen et al.
2010; Liu et al. 2010). There are no previous reports of applying RNAi
technology in P. citri. In the present study, the P. citri mites were fed
dsRNA (0.1 pg/pL, 0.2 pg/pL and 0.4 pg/uL). The results indicated that
this method effectively decreased HSP90 gene expression in P. citri;
however, the decrease was unstable. This instability may have been
caused by the feeding pattern of P. citri and the short duration of feed-
ing on dsRNA. Complementary features of other molecular chaperone
proteins might have limited the mortality rates observed in P. citri adult
females caused by the various concentrations of the dsRNA. Additional
systematic studies will be required to perfect the RNAi methodology
for use in P. citri.

Among the current methodologies for functional gene analysis
(Cerutti et al. 2011), RNA interference is appropriate for use in P. citri.
However, the most effective dsRNA concentrations and lengths remain
to be determined. In future studies, abamectin-resistant strains will
be crossed and selected in an indoor laboratory. The RNAi method-
ology for functional HSP90 gene analysis will be established, and the
difference in the expression of the HSP90 gene in acaricide-resistant
and acaricide-sensitive P. citri strains at different temperatures will be
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compared. The RNAi technology will be applied to analyze both the
difference in survival of P. citri at high temperatures and the variation
in sensitivity of abamectin-resistant strains after silencing of the HSP90
gene. Thus, the results in the present study that examined the effects
of the HSP90 gene on the resistance of P. citri to high temperatures and
chemicals may be confirmed. In summary, the results of the present
study provide the molecular basis for future research on analyzing the
relationship between the HSP90 gene and resistance of P. citri to high
temperatures and abamectin.
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