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The oriental fruit moth, Grapholita molesta (Busck) is a key pest of tree
fruit of Europe, Asia, America, Africa, Australia, and New Zealand, which
makes a big damage to apple trees, pear tree and the stone fruit of the peach,
plum, apricot, nectarine, cherry and so on. The hidden damage of larvae makes
their prevention and control difficult and traditional chemical method is rarely
effective. Meanwhile with the increasing demand for food safety and awareness
of environmental protection, biological control method to this pest has attracted
more and more people's attentions. Beauveria bassiana is one of the most
widely studied and used entomopathogenic fungi, which can also infect and kill
the oriental fruit moth as a biological control agent. The entomopathogenic
fungi with a wide range host and they are harmless to the environment, human
and animal. Using entomopathogenic fungi to control pests has many
advantages and it has been an important part in biological control of pests.
However, entomopathogenic fungi as a better alternate control method still with
some disadvantages, such as easy to be affected by environmental conditions.

In order to make good use of entomopathogenic fungi in the future, it is



necessary to deeply understand their living conditions and infection mechanism
to insects. Entomopathogenic fungi can invades the insects from the body wall
through contact directly, but also can through the digestive tract, stomata and
wounds and other ways into the insect body. But insects have evolved a strong
innate immune system to protect themselves from infection by the pathogens
and adverse conditions. When insects are infected by entomopathogenic fungi,
their innate immune system will firstly be activated. And the insects will resist
the infection by their immune response, which will lead to the reduction of
infection efficiency and the control effect. So, it is necessary to study the
immune response of insects introduced by entomopathogenic fungi, and it has
been a study hotspot in pest control. The immune ability of insects to
entomopathogenic fungi directly affects the infection efficiency, which is an
area of active research in the field of entomopathogenic fungi currently. In this
paper, the optimal concentration and infection mode of B. bassiana on G.
molesta larvae were selected under laboratory conditions. Secondly, the
transcriptome of G. molesta after infected by B. bassiana were analyzed, and
the immune-related genes of G. molesta larva against B. bassiana were
screened out. Thirdly, the peptidoglycan recognition proteins (GmPGRP-SC),
B-1,3-glucan recognition proteins (GmBGRP) and serine protease inhibitor
genes (GmSerpin-2 and GmSerpin-3) involved G. molesta larva in immune
response were identified by molecular methods. We carried out phylogenetic

analysis based on amino acid sequences to identify homologous protein in G.



molesta belonging to the same clade as that encoding the target proteins. The
spatio-temporal expression patterns of the selected target genes in the larva of
G. molesta after infection with B. bassiana were assessed by qPCR. Moreover,
we used nanoparticles mediation the GmSerpin-2 and GmSerpin-3 genes, which
effectively increasing the interference efficiency of RNAi. Finally, we have a
good grasp of the occurrence rule of oriental fruit moth in Xinxiang area by
investigation of the damage of adult and larva in peach orchard. Meanwhile, the
field efficacy test of five different biological pesticides showed that Bt,
Spinetoram, Methoxyfenozide, Celastrus angulatus MaXim and B. bassiana all
have better control effect on oriental fruit moth. But the control effect of Bt and
B. bassiana are relatively lower than other three agents. We need to do more
future research to improve their effectiveness. This study laid a foundation for
the exploration of new biological control targets of G. molesta IPM system and
the enhancement of B. bassiana for effectively biological control. The main
results and conclusions are as follows:

Laboratory Evaluation of the effect of B. bassiana on the vital activity
of G. molesta: G. molesta infected by B. bassiana through cuticular infection
had higher corrected mortality and better weight inhibition than that of
digestive tract infection. Meanwhile, B. bassiana at concentration of 1x10’
conidia/mL. may have potential to be used as control measure against G.
molesta in fruit orchards.

Transcriptome analysis of G. molesta larvae 24 h after infected by B.



bassiana: The second-generation high-throughput transcriptome sequencing
technology were used, the transcriptomic profile of G. molesta larva infected by
B. bassiana after 24 h were analyzed, the differentially expressed genes (DEGs)
were screened and annotated. Totally, 1,755 DEGs were obtained, with 965 up-
regulated and 790 down-regulated genes. The fold change (log2 ratio) of the
gene expression ranged from -14.224 to 10.718. We focused on the up-
regulated genes in G. molesta infected by B. bassiana, and 14 genes related to
immune response of G. molesta induced by B. bassiana were selected and
quantified by qRT-PCR method, and 10 genes were significantly up-regulated.
Finally, 1,755 DEGs were enriched in 1,965 GO terms, among which 107 GO
terms were significantly enriched, including 62 Biological processes, 7 Cellular
components and 38 Molecular functions. These results indicated the G. molesta
has changed its physiological and biochemical state as defense responses
against B. bassiana.

Characterization and functional analysis of Immune recognition gene
GmPGRP-SC, GmBGRP, GmSerpin-2 and GmSerpin-3: The complete
sequence of GmPGRP-SC gene, GmBGRP, GmSerpin-2 and GmSerpin-3 are
obtained and characterized. They have been submitted to NBCI GenBank
respectively, and the GenBank accession number is MW773839, ON055286,
0Q359960 and 0Q35996. The gene sequences, structures, physical and
chemical properties were analyzed. To explore the spatio-temporal expression

patterns of each gene, the qPCR data form different tissues and developmental



stages were analyzed, besides we analyzed the specific functions of each gene.
In order to better understand the molecular interaction mechanism between B.
bassiana and G. molesta, the effect of B. bassiana on the regulation of immune-
related gene expression were analyzed. Finally, we successfully silenced the
target gene using RNAIi technology, and the effects of target gene silencing on
larvae ability to resist fungal infection were analyzed, which laid a good
foundation for further improving the control effect of entomopathogenic fungi.
In addition, we analyzed the effects of GmBGRP gene silencing on Toll
immune signaling pathway related gene expression and PPO enzyme activity.
And effectively improve the interference efficiency of GmSerpin-2 and
GmSerpin-3 genes mediated by nanoparticles M2L and NPS5.

Investigation on the occurrence and dynamics of G. molesta in peach
orchard and evaluation on the control of five different biological pesticides:
According to the survey results in the Xinxiang area, overwintered larva began
to pupate in late March, the pupal stage was 10-20 days, and first-generation
adult appeared in early April, which reaching a high level around 4, May. Then,
the number of G. molesta began to increase continuously with the rise of
temperature. The occurrence of male adult G. molesta in Xinxiang has no
obvious rule, and with serious overlap generations. There is no obvious
boundary between each generation, especially between the 2~3 generation and
3~4 generation. Larvae of oriental fruit moth had boring into the peach shoots

from April 18. Meanwhile the larvae have transferring harm habit to peach



shoot. The middle May is the key time for controlling of G. molesta in
Xinxiang area. The damaged peach shoots can be cut off manually and taken
out of the orchard for centralized destruction in order to reduce the occurrence
of overwintering generation. The damaged shoots rate by G. molesta in peach
orchard was higher than that in nectarine orchard. And in the same peach
orchard, the damaged shoots are also different due to different planting
densities. The shoots damage is higher with planting density of 4x4 meters than
that with planting density of 3x3 meters. The five biological agents all had
adverse effects on the growth of peach trees. The results of this study indicating
that all the five biological agents were safe for the growth of peach trees. And
the 5 biological control agents all have certain control effects on G. molesta. On
day 7 in treatment groups, the control effec of the five agents was 56.3% ~
86.4%. Its control effect was 63.1% ~ 80.1% on day 14 of treatment. Among
them, 60 g/ pinetoram suspension 2000 times liquid and 240 g/L
Methoxyfenozide suspension 5 000 times liquid have better control
effectiveness with 86.4% and 74.6% control effect on day 7 in the treatment
groups. Moreover, the control effect of these two agents was still more than
78% on day 14. The control effects of 0.2% Celastrus angulatus MaXim and 10
billion spores B. bassiana were 68.25% and 66.8% respectively on day 7 in
treatment groups, and the control effects of these two agents were 61.27% and
67.1% on day 14 in treatment groups which indicating that the two agents had

relatively good quick and lasting effect on the control of G. molesta.



In summary, all these results lay a foundation for better understanding of
the immune mechanism between entomopathogenic fungi and insects, and
effectively improve the control effect of entomopathogenic fungi, which lay a
solid foundation for the biological control of G. molesta pests.

Moreover, the study of immune-related genes, in order to find more
suitable target genes, which can also be applied to the development of other
biological control agents and improve their control effect. The results providing
strong support for better biological control through immune characters of
oriental fruit moth.

Key words: Grapholitha molesta Beauveria bassiana , pests,
harmfulness, protection measures (plant protection), number of pests,
resistance (resilience), biopreparations - elements of biologization,

microcoenosis, tillage, yield crop, economic threshold of harmfulness, drug

concentration, actinomycetales, genotype.



AHOTANLIA
Hao Yxnmanb. bBiosoriuauii KOHTPoJIbL po3noBcroa:keHus Grapholitha
Molesta 3a noioMoror iMyHoJs10riYHMX 0codanBocTel — KBasigikauiitna
HAYKOBa Npalsi HAa MPaBax PyKONucy.
JMuceprauniiiHa po0ora Ha 3700yTTSI HAYKOBOIO CTYIEHS JOKTOpa
(pisocodii 3a cmeniaabHicTiIO 202 — 3axucTr I KapaHTHH POCIMH. —
CyMcbKHH HALIOHAJBHUM arpapHui yHiBepcuter MiHicTepcTBa OCBITH |

Hayku Ykpaiuu, M. Cymu, 2023 p.

CxinHa mionoBa moaoxkepka, Grapholita molesta (Busck) € ocHOBHUM
IIKITHUKOM IJIOJ0BUX JiepeB y €Bpomi, A3ii, Amepurli, Adpuii, ABcTpantii Ta
Hosgiii 3enanaii, skuil 3aBAa€e BEIUKOI IIKOAU A0JIyHI, TPyl Ta KICTOUKOBUM
IJI0JaM TEepCcuKa, CIuWBH, aOpuKoca, HEKTapuHa, BuIlHI Toulo. [IpuxoBana
IIKOJA JUYMHOK YCKIIAJIHIOE MPO(UIAKTHKY Ta O0OpOTHOY 3 HUMH, a TPAIULIIHI
XIMIYHI MeTOJIM PiAKO OyBalwTh €(PEeKTUBHMMH. THM YacoMm, 31 3pOCTaHHAM
NonUTy Ha O€3MeKy XapyoBUX MPOIYKTIB Ta YCBIAOMIIEHHSM Ba)JIMBOCTI
3aXHMCTy HABKOJIMIIIHHOTO CEPEOBUINA, O10JOTIUHHN MeTOJ] OOpOTHOU 3 MM
IIKITHUKOM TpUBEpTa€E Bce Ounblie yBaru. Beauveria bassiana € ogHuM 3
HANUOUIBII IIMPOKO BUBUECHUX 1 BAKOPUCTOBYBAHUX €HTOMONATOTEHHUX T'pUOiB,
SIKUWA TaKOXK MOKE 3apakaTH 1 3HUIYBaTu Grapholita molesta B SIKOCT1 areHTa
610JI0T1YHOTO KOHTpOJIF0. EHTOMOMATOreHHi rpudu MarOTh IIUPOKUN CHEKTP

roCro/IapiB 1 € HEUIKIJJIUBUMH JJIsI HaBKOJHUIIHBOTO CEPEIOBHINA, JIIOACH 1
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TBapuH. BUKOpHCTaHHS EHTOMOIIATOTEHHUX TpubIB A1  OopoThOU 31
HIKITHUKaMU Mae 0OaraTo mepeBar 1 € BaKIMBOIO YaCTHHOIO O10J0T1YHOTO
KOHTpOTIO MKiAHUKIB. OJHAaK EHTOMOMATOTeHHI TpUOM SK  Kpamui
aNbTepHATUBHUM MeTOJ]T OOpOTHOM BCE 1€ MAIOTh JESKI HENOMIKH, HAIPUKIIA/,
BOHM JIETKO MiIAAI0THCS BIUIMBY YMOB HAaBKOJHIIHBOTO cepeaoBuia. s toro,
100 e(eKTUBHO BHKOPHUCTOBYBAaTH €HTOMOIIATOT€HHI IpuOU B MailOyTHbOMY,
HEOOXITHO JETAJIbHO BHBYUTH YMOBHU IXHBOTO ICHYBAaHHS Ta MEXaHI3M
3apayK€HHsI KOMaxX-IIKIJHUKIB. EHTOMONATOreHHI TpUOH MOKYTh NPOHUKATH B
OpraHi3M Komax 31 CTIHOK Tija 0e3MocepeHb0 Yepe3 KOHTAKT, a TaKOX 4Yepe3
TpaBHUM TPAKT, NPOANXHU, PAHH Ta 1HILI HUISIXUA. AJle KOMaXH MAatOTh PO3BUHEHY
BPO)KEHY IMyHHY CUCTEMY, sIKa IM JIOTIOMarae 3aXxucTUTU ceOe Bij 3apakKeHHs
MaTOreHaMHM Ta MIABUIIYE CTIMKICTh 0 HECOPUSITIMBUX YMOB iCHyBaHHs. Konu
KOMAaXH 3apa’kaloThCsl EHTOMONATOT€HHUMHU Tpudamu, iXHs BPOJKEHA IMyHHa
CUCTEMa aKTHUBYETHCA 1 KOMAaxu MPOTUCTOATH 1HQEKIii, 10 MPU3BOAUTH IO
3HM>KEHHSI €(DEeKTUBHOCTI 1H(eKuii Ta e(eKTy KOHTPOII HaJl YHUCETbHICTIO
IIKITHUKIB Ta TOIIKOKEHICTIO POCIHMH. TakuM YMHOM, HEOOXIJIHO BHBYATH
IMyHHY pEaKIiio IIKIJHUKA 3apaXKEHOr0 €HTOMOIATOT€HHUMH TpubamMu, 1o €
AKMYANbHUM HANPSAMKOM O0CTiOJceHb 'y OOpoThOl 31 MIKITHUKaMU. IMyHHa
3natHicTh Grapholita Molesta 1o eHTOMONAaTOreHHUX rpubiB Oe3mocepeHbO
BIUTMBAE Ha €(PEKTUBHICTD 3apakeHHs, 110 € Chepor0 aKTUBHUX JOCIIIKEHb, Ha
ChOTOJIHI, OCOOJIMBO B 3aXMUCTI 1 KapaHTHHI pociauH. Y Miik poOoTi B

7a00paTOPHUX YMOBax IMiAiIOpaHO ONTUMAIbHY KOHIEHTpAII0 Ta PEKUM



11

3apakeHHd JHUYMHOK G. Molesta 01070T1YHO-aKTUBHUMH  PEYOBHHAMU
E€HTOMOIIAaTOTeHHNX TpubiB (B. bassiana). Tlo-gpyre, mnpoaHami30BaHO
TpaHckpuntoM (. molesta micns 3apaxkeHHs B. bassiana Ta TPOBEICHO
CKPUHIHT TE€HIB, TOB'S3aHUX 3 IMYHITETOM JHYMHOK G. molesta mpotu B.
bassiana. Ilo-TpeTe, MONEKYJSIPHUMH METOJaMHU 1ACHTH(IKOBAHO TCHH
nentuaoriaikaHoBux  OuikiB  (GmPGRP-SC), B-1,3-rmrokaHoBux — O1IKIB
(GmBGRP) Ta 1uri6itopiB cepunoBux mnporea3 (GmSerpin-2 Ta GmSerpin-3),
AK1 3aJTy4eHl 10 IMyHITeTy JU4uHKU G. molesta. IIpoBeneHo ¢iaoreHeTnyHun
aHAJII3 HAa OCHOBI AaMIHOKHCJIOTHUX IIOC/IIIOBHOCTEH JUIS BUSIBJICHHS
roMoJoriyHux OuikiB y G. molesta, mo Hajexarb 10 TIEDK KaTeropii, mo i
Oinku-mimeni. IIpocTopoBo-yacoBl mHapamMeTpu eKchnpecii OOpaHHUX T'eHIB-
MileHen y nuuuHkax G. molesta nicna 3apaxeHHs B. bassiana OUIHIOBaJIM 3a
nonomororo qPCR. KpiM Toro, MM BUKOPUCTOBYB&JIM HAHOYACTUHKH, IO
onocepenkoByoTh TeHn GmSerpin-2 1 GmSerpin-3, ski  epeKTUBHO
MIABUILYIOTh  iHTepdepeniiiiny edextuBHictb PHKi. byno BuszHaueHno
CTpecoreHHi (hakTopH, SIKi BIUIMBAIOTh HA 3aKOHOMIPHICTh MOSIBU Ta PO3BUTKY
Grapholita molesta B paiioHi CiHbCSIH, JOCIIIKYIOUHM MOP(QOJIOTio
MOITKO/PKEHHS IMaro Ta JTUYMHOK Y MEePCHKOBOMY caay. THM "acom, MOJbOBI
BUNPOOYBaHHS €(PEKTUBHOCTI PI3HUX O10JOTIYHUX MECTULIMJIIB MOKA3aIH, IO
Bt, Spinetoram, Methoxyfenozide, Celastrus Angulatus MaXim i B. Bassiana
MarTh Kpamuii KOHTPoJib Hax Grapholita molesta. Ane KOHTpOIbHUN eeKT Bt

ma B. Bassiana € BIJHOCHO HIWKYMM, HDK Yy JedKkux mnpenapariB. lle
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JOCIIKEHHST 3aKJIajJ0 OCHOBY JIJIi BUBYEHHS HOBHX O10JIOTIYHO aKTHBHUX
pPEUYOBMH, AKTUHOMILIETIB, SIKI 3MEHIIATh YHCEIbHICTH/KOHTPOIIOBATUMYTh
nomuperass G. molesta B cucrteMi 3axucty pociauH. OKpiM TOro HaMu
po3pobsieHa cHcTeMa BJIOCKOHAJICHHS 3acTocyBaHHs B. Bassiana nns
€(eKTUBHOTO 010JOTTYHOTO KOHTPOJIIO.

VY  pesynbrari 71abopaTopHOi OIIHKM BIUIMBY B. bassiana Ha
KUTTEMUIbHICTE G. molesta nocnimxeHs Oyno BusiBieHo: G. molesta, siki
3apaxkeHl B. bassiana depe3 KyTUKYJSIpHY 1H(QEKLI0, MaJIX BULLY CMEPTHICTb
Ta 3HWKEHHS Macu, HDK OpH 1H(IKyBaHHI TPaBHOrO TpakTy. B. bassiana B
KoHUeHTpauli 1x107 KoHiAli/MiI MOX€ MOTEHI[IHHO BUKOPUCTOBYBATHCS SIK
3aci0 60poThOU 3 G. molesta y IIOJOBUX Ta SATIAHUX cagax.

TpanckpunToMHM aHami3 JUYMHOK G. molesta vepe3 24 ropn micins
3apaxxeHHs1 B. bassiana: 3a JONOMOIOI BHCOKOMPOAYKTHUBHOI TEXHOJIOTIT
CEeKBEHYBaHHS  TPAHCKPUNTOMA  JIPYroro  TMOKOJIHHSA  MPOaHaJli30BaHO
TPAaHCKPUNTOMHUI Npodins JuuuHOK G. molesta, 1HdikoBaHux B. bassiana
yepe3 24 TOA, TPOBEACHO CKPUHIHT Ta aHoTalio JudepeHIiioBaHo
excrpecoBanux reriB (DEGs). 3araiom 0yno otpumano 1,755 DEGs, 3 skux
965 — Bucxigui Ta 790 — HusxiaHi reHu. KoedimieHT 3MiHM eKcrpecii TeHIB
(log2) BapitoBaB Big -14,224 no 10,718. Mu 3ocepenwyivcs Ha MiABUIICHIM
peryunsiii reHiB y G. molesta, inpikoBanux B. bassiana, 1 BiniOpanu 14 reHis,
MOB'SI3aHUX 3 IMYHHOW peakiiiero G. molesta, 1HAyKOBaHOW B. bassiana, Ta

KUIBKICHO OLIHWIM iX 3a gomomoroio metoay qRT-PCR, npudomy 10 renis
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BUSIBUJIMICSL 3HAYHO TMiABHINEHOIO perysmiero. Hapemri, 1 755 DEGs Oymm
30araueni B 1 965 tepminax GO, cepen sxux 107 tepminiB GO Oynu 3Ha4HO
30araveHi, BKJItodaroun 62 0i10J710Ti9HI IPOIIecH, 7 KIITUHHUX KOMIIOHEHTIB 1 38
Monekyspaux  ¢yakmiid. Illo cBiguute, mo G. molesta 3miHWIA CBIiA
¢izionoriunuid Ta 610XIMIYHUI cTaH, MOPQOJIOTIIO K 3aXUCHY PEAKIIII0 MPOTH
B. bassiana.

OTpuMaHO Ta 0XapaKTEPU30BaHO MOBHY MOCI1I0BHICTh TeHiB GMPGRP-
SC, GmBGRP, GmSerpin-2 Ta GmSerpin-3. Bouu O0ynu nepenani 1o NBCI
GenBank BignmoBimHo 3 Homepamu goctymy MW773839, ONO055286,
0Q359960 Ta 0Q35996. Ilimx yac BHBYEHHS NPOCTOPOBO-YACOBHUX IaAp
eKCIpecii KOXKHOTO reHa Oynu mpoanainizoBaHi AaHi qPCR 3 pi3HMX TKaHUH 1
CTaJlil PO3BUTKY, & TAKOXK MpoaHaNi30BaH1 cenu@iuni (yHKIIi KOXKHOro reHa.
Jlist Toro, mo6 Kpamie 3po3yMITH MEXaHI3M MOJIEKYJIIPHOI B3a€MOJIl MK B.
bassiana ta G. molesta, Oyno TpoaHaNI30BaHO BIUIUB B. bassiana Ha
PEryJsiliio eKCrpecii reHiB, MOB'I3aHUX 3 IMyHITETOM. ByJo ycHilHo 3HMKEHO
IMYHITET IIKIHUKA 3a Joromororo TexHosorii PHKi Ta nmpoananizoBaHo BILUIWB
3HM)KEKEHHSI IMYHHOCTI JIMYMHOK MPOTH TPUOKOBOI 1HGEKIil, 10 3aKiano
xopomui  (QyHIAMEHT [JIs TOJJIBIIOr0 IMOKpameHHs e(eKTy KOHTPOJIIO
eHTOMOmaTroreHHux rpudiB. KpiMm Toro, OyJi0 MpoaHadi30BaHO BIUIMB
npurHiueHHs reHa GmBGRP Ha ekcrpecito TeHIB, MOB'S3aHUX 3 IMYHHOIO

peakiiero nusixom Toll, Ta aktuBHIcTh hepmerTy PPO. A Takox migBUILEHO
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edexTuBHICTH iHTep(Depenii rernie GmSerpin-2 Ta GmSerpin-3 3a JOMOMOTO0
HaHo4yacTHHOK M2L Ta NP5S.

Hocnimkeno nomupeHHs Ta AuHaMmiku G. Molesta B IepcCUKOBOMY Caay
B paiioHi CiHbCSIH Ta BU3HAYEHO €(PEKTUBHICTH Pi3HUX 010JOTIYHUX IMECTUIIHIIB.
JInunHKka, 10 TMepe3uMyBasa, Movala 3asUIbKOBYBAaTHUCS B KIHII Oepes3Hs,
ctajis Jsuieuku TpuBaia 10-20 qHiB, a iMaro mepioro MOKOJIIHHS 3'SBUJIUCS HA
MMOYATKy KBITHS, JOCSITHYBIIM MaKCUMyMyH OJu3bko 4 TpaBHs. [licas mporo
yucenbHICTh G. molesta modana O€3MEPEepBHO 3pPOCTATH 3 IMiABUILECHHIM
temneparypu. llosiBa imaro G. molesta B CiHbCSIHI HE Ma€ YITKOI
3aKOHOMIPHOCTI, IO 3YMOBJIEHO CEPHO3HUM MEpPEKPUTTAM NOKOIIHb. He
BUSBJICHO YITKOI MEXI MK KOXKHHM ITOKOJIHHSIM, OCOOJMBO MK 2~3
MOKOMIHHAM 1 3~4 mokoniHHAM. JIluuuHku G. molesta Brpusanucs B MaroHu
nepcuka 3 18 kBiTHA. CepeauHa TpaBHSA BUABWIACS OCHOBHUM IEPIOAOM IS
6opotebu 3 G. molesta B perioHi CinbcsiH. [lomIKO/KEHI MaroHu MNepcuKa
MOTPIOHO 3pi3aTH 1 BHUBO3UTH 3 caay I LIEHTPaTi30BAHOTO 3HUIIECHHS
3UMYIOUOTO TIOKOJIHHA. BincoTok momkokeHux maroHiB G. molesta 'y
NEPCUKOBOMY canay OyB BHINMM, HDK y HEKTapUHOBOMY. Pa3om 3 TuMm, B
OJIHOMY 1 TOMY  MEPCUKOBOMY Cajy, MOIIKOKEHICTh TAaroHIB BIIPI3HSIIUCS B
3QJIEKHOCT1 BiJl TYCTOTH HacaJKeHb. [IONIKOKEHHS MaroHiB crocTepiraiacs
BUILIC TP HIIJILHOCTI Haca/pkeHb 4X4 MEeTpH, HDK IPHU HIIJILHOCTI HacaHKeHb
3x3 wMerpu. Bci mocmimkyBaHi O10JIOT1YHI areHTH HE Majd HETaTUBHOIO

BIUIUBY Ha PICT MEPCUKOBHUX JEPEB, 1IO CBIAYUTH NPO TE, IO BCl M'STh
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010JI0TIYHUX areHTIB Oyiu OE3MeYHUMU JIJIsl POCTY TEPCUKOBUX JACPEB Ta MaJH
MO3UTUBHUI edeKT HaJl KOHTpoJIeM 3acesieHHs 1 nommpeHHs G. Molesta. Ha 7-
W JIeHb y JOCTKyBaHUX Tpymax KOHTPOJbHUHN e(eKT mpenapariB CTAaHOBHB
56,3% ~ 86,4%. Ha 14-ii nenb 3aXucTy KOHTPOIBHUN e(heKT cTaHOBUB 63,1% ~
80,1%. Cepen Hux cycnensisa mineropamy 60 1/, po3seaena y 2000 1. po3uuny,
Ta cycrnensis Metokcudenosuay 240 r/n, po3senena y 5000 1. po3unHy, Maiu
Kpallly KOHTpOJIbHY e(eKTuBHICTh - 86,4% Ta 74,6% Ha 7- NeHb micis
3acTOCyBaHHA. binblle TOro, KOHTPOJBHUN €(EeKT IuX [BOX Ipernaparib
nepeBuilyBaB 78% Ha 14-i1 nenn. KoutponbHuit edext 0,2% Celastrus
angulatus MaXim ta 10 mineapaiB cnop B. bassiana ctaHoBuB 68,25% Ta
66,8% BIANOBIAHO HA 7-i1 IeHb y IpyNax 3aXUCTy, a KOHTPOJbHUN €(DEeKT 11X
JBOX IpenapariB cTaHoBUB 61,27% ta 67,1% Ha 14-ii neHpb y rpynax 3axucry,
110 BKa3y€e Ha Te, IO 111 JBa MpernapaTy Majyd BiJIHOCHO XOPOIIUM IIBUJIKUHN Ta
TPUBAJIMI €PEeKT sl KOHTPOIIO MKITHUKA — G. molesta.

TakuMm yuHOM, pe3yIabTaTH AOCTIIKEHb PO3KPUBAIOTH OCHOBHI MOMEHTH
IMyHHOTO ME€XaHI3My MK €HTOMOIIATOT€HHUMH TpubaMu Ta WIKIAHUKAMH, a
TAKOX BKa3ylOThb Ha €(QEKTHBHICTh KOHTPOJIO EHTOMOIATOI€HHUX TIpuOIB
npotu G. molesta, MO CHPUITUME PO3BUTKY O010JOTIYHOTO 3aXHUCTY IIJIOJI0BUX
HACa>KEeHb.

Kpim TOro, HamMu IOCHIIPKEHO TE€HH, SKI 3HIKYIOTh PE3UCTEHTHICTH
(CTIMKICTB) MIKIJHUKIB, 3 METOIO MOIIYKY O1IbIII aKTUBHUX I'€HIB-MIIICHEH, SIKi

TaKoXX OYyJyTh 3aCTOCOBaHI Jig PO3POOKH 1HIIMX areHTIB O010J0TIYHOIO
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KOHTPOJIIO Ta TIOKPAIICHHsS I1XHBOTO KOHTPOJILHOTO edekty. OTpumani
pe3yibTaTH € BaroMMM BHECKOM B PO3BUTOK OI10JIOTIYHOTO KOHTPOJIO
IITKITHUKIB Cafy.

Key words: Grapholitha molesta, Beauveria bassiana, wxiOHuxu,
WKIOAUBICMb, 3aX00U 3aXUcmy (3aXucm pocCiuH), YUCETbHICMb WKIOHUKIE,
pe3ucmenmuicmes  (cmitikicms),  Oionpenapamu-enemenmu  0ionocizayii,
MIKpOyeHo3, 00pobOIimoK, 8podCAuHiCMb  KYIbMypUu, eKOHOMIYHUL Nopie

WKOOOUUHHOCTI, KOHYEHMPayis npenapamy, akmuHoMiyemu, 2eHOmun.
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INTRODUCTION

Actuality of theme. The oriental fruit moth, Grapholita molesta (Busck) is a key
pest of tree fruit of worldwide. It is hard to control with traditional chemical
method, due to the larvae bored the inside fruit or stem. Beauveria bassiana 1s one
of the most studied and applied entomopathogenic fungi, can infected and kill the
oriental fruit moth as a biological control agent. In this study, through the study of
the molecular mechanism of B. bassiana and the molecular study of immune-
related genes, all the results laid a foundation for the exploration of new biological
control targets of G. molesta IPM system and the enhancement of B. bassiana for
effectively biological control. This research is practical.

Connection of work with scientific programs, plans, themes. Theresearchwas
carried out in accordance with the thematic plans of research worksof Sumy
National Agrarian University in the framework of the topic «Phytosanitary
monitoring and regulation of harmful organisms in agriculture» (state registration
number 0123U104019); supported by the Key Scientific and Technological
Research Project of Henan Province (Ne 202102110220), and the Graduate
Education Innovation Training Base Project of Henan Province in 2021 (Ne
107020221005).

The purpose and objectives of the study. The aim of the research was to find
more efficiency method for biological of G. molesta and the enhancement of B.
bassiana for effectively biological control. The goal was to solve the following

tasks:
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1. To study the optimal concentration and infection mode of B. bassiana on G.
molesta larvae were selected under laboratory conditions;

2. Analyzed the transcriptome of G. molesta after infected by B. bassiana were,
and screened out the immune-related genes of G. molesta larva against B. bassiana;
3. Identified the peptidoglycan recognition proteins (GmPGRP-SC), B-1,3-glucan
recognition proteins (GmBGRP) and serine protease inhibitor genes (GmSerpin-2
and GmSerpin-3) involved G. molesta larva in immune response;

4. To get a good grasp of the occurrence rule of G. molesta in Xinxiang area by
investigation of the damage of adult and larva in peach orchard. Meanwhile test
five different biological pesticides in field.

Object of study. Better understand the harm regularity of G. molesta. Explore the
molecular mechanism of fungal control. Analysis the effect of biological pesticides
on field control. Providing more basis for biological control of G. molesta.

Subject of study. Based on the analysis of immune molecular mechanism and
immune gene of entomogenous fungi, the foundation of improving the bioloigal
control effect for G. molesta.

Research methods. General scientific methods: analysis, induction, deduction,
synthesis; The field method andthe best concentration and the best way for B.
bassiana to G. molesta were determined by laboratory virulence assay.
Biostatistical analysis methods, corrective mortality analysis methods,
transcriptome analysis methods, fluorescence quantitative molecular analysis

methods - to summarize and determine certain reliability of experimental results
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The scientific novelty of the achievements is to solve the important scientific
problems of the development of immune genes and improve the effect of
biological control for G. molesta.

For the first time screened the optimal infection concentration under laboratory
conditions. And first time performed the transcriptomics analysis of G. molesta
larvae after infected by B. bassiana. The complete sequence of immune-related
genes: GmPGRP-SC gene, GmBGRP, GmSerpin-2 and GmSerpin-3 are firstly
identified and characterized. Field investigation and the determination of different
biological pesticides provide reliable data and application value for field control of
G. molesta.

It was improved the control scheme of G. molesta using B. bassiana. The
excavation of the immune genes of G. molesta provided support for better
development and utilization of biological control work.

The practical significance of the results. According to the findings, the biological
control method of G. molesta has been improved. And the exploring of immune
genes plays an important role in the subsequent development of other more
effective biopesticides and implementation in the educational process of Sumy
National Agrarian University (Appendix A).

To determine the special role of different immune genes in biological control of G.
molesta. Meanwhile, the gene silencing effect was effectively improved by
nanoparticle mediated method, and the mortality rate of larvae was significantly

increased after infection with B. bassiana. These studies have potential application
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value. The application of this gene has obtained the certificate of our university.
The personal contribution of the applicant is to plan and carryout research,
summarize scientific data of references (literature) on the topic of the dissertation,
to do analysis of experimental data, to form conclusions and proposals for
production, to prepare and write of scientific papers.

Approbation of dissertation results. The results of the researchwerepublished
and discussed at «International scientific and practical conference dedicated to the
100th anniversary of the birth of Doctor of Biological Sciences, Professor B. M.
Lytvynov» (2021), at Proceedings of the International Scientific and Practical
Conference «Honcharivski Chytannya»” international ones (2020, 2021, 2022).
The mainitems,research results and conclusions of the work during 2020-2023
were presentedanddiscussed at the meetings of the Department of Plant Protection
Sumy National Agrarian University.

Publications. Based on the results of the research, 4 articles were
publishedinprofessional journals, one - in journals indexed in the Scopus database
and in the proceedings of five conferences.

The structure and scope of the dissertation. The dissertationstructurecontains an
annotation, a list of symbols, introduction, five chapters, conclusions, proposals for

production, a list of references, appendexes.
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CHAPTER 1
CHAPTER 1 BIOLOGICAL CONTROL OF DISTRBUTION
GRAPHOLITA MOLESTA (LITERATURE REVIEW)

1.1. Origin and geographical distribution of the oriental fruit
moth

Grapholita molesta known as oriental fruit moth, belonged to Tortricidae,
Lepidoptera is one of the most severe pests of tree fruits, widely distributed
throughout the fruit-growing areas of the world including Asia, Europe, America,
Australia, and Africa (Hill, 1987; Rothschild and Vickers, 1991, Natale et al., 2003;
Myers et al., 2006; Timm et al., 2008; Bisognin et al., 2012, Ricietto et al., 2016;
Kong et al., 2019; Zunic, et al., 2020). The G. molesta was thought to a native
insect of northwestern China (Rothschild & Vickers, 1991). And it was mentioned
in Japan, in 1901 and 1902, as a special pest of sand pear (Chaudry, 1956). In 1906
it has been found in South Australia, as natural enemies of peach, under the
popular name Peach Tip Moth. This pest also known by a variety of common
names in the past, such as Smaller Pear Borer, Oriental Peach Moth, Oriental
Peach Worm and Oriental Fruit Moth, and the last one has been adopted as an
officially name. It was reported that G. molesta introduced to the United States
around 1913, by the cherries imported from Japan (Rings, 1970). Then the pest had
spread to many parts of United States, like New York, New Jersey, California and
so on. In Europe, G. molesta was first recorded in Slovenia in 1920 and it was

found in southeastern of France and north-central of Italy in the early 1920s. Then


http://xueshu.baidu.com/s?wd=author%3A%28F.%20Komai%29%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight%3Dperson
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it has dispersed across to eastern, southern and western of Europe (Kirk et al.,
2013). Despite the strict quarantine measures, but now it is widely distributed in
temperate and subtropical regions of the world, including Europe (Italy, France,
Greece), Asia and other regions (Japan and South Korea), America (USA), South
America (Argentina, Uruguay, Chile), north of Africa, Australia, and New Zealand,
becoming the Global fruit-boring insect pest (Rothschild and Vickers, 1991, Natale
et al., 2003; Myers et al., 2006; Timm et al., 2008; Bisognin et al., 2012; Kirk et al.,
2013). It is also an important pest and widely distributed in China, occurred in
almost all fruit regions of China except Tibet, especially in the northern and eastern
regions (Chen et al., 2009).

1.2. Host and harm of the G. molesta

The G. molesta is an invasive oligophagous insect (Kong et al., 2020), most
of its host plants belong to the family Rosaceae, including many economic fruit
trees, such as peach, pear, apple, plum, apricot, cherry, hawthorn, jujube and so on.
In addition, the host plants also including many wild and ornamental plants, for
example begonia and loquat (Myers, 2006; Varela et al., 2011; Piskorski et al.,
2011; Du et al., 2015), and Myrtaceae, a special plant found in South America
(Rothschild and Vickers 1991). Among all of the host plants, the stone fruits
peaches and nectarines sever as primary hosts, while the pome fruits apples and
pears are considered as secondary hosts (Rothschild & Vickers, 1991; Myers, et al.,
2007).

The G. molesta is a host-switching pest species, it always switching from
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stone-fruit orchards to pome-fruit orchard during the growing season (Yang et al.,
2016; Graillot et al., 2017; Li et al., 2019). The larvae of the first generations can
damage the tender shoots of peaches, plums, quinces, and apples in the spring.
Each larva damage three or more shoots for its development period, that often
leads the tree with little nutrition. More seriously, the attacked tree would wither
and die, so the G. molesta is also called "folded worms". Sometimes the first-
generation of larvae also do harm to small fruit (Rings, 1970). The second and
third generations of larvae transferred to fruits and continue to damage the plants,
it bore into the fruits and remain there throughout their feeding stages, that causes
miscellaneous bacteria, makes fruit rotted and lost its edible value, even drop down.
In fruit producing areas, especially peach and pear or apple mixed planting areas,
this pest mainly switching from stone fruit trees to kernel fruit trees, for example,
in the Emilia-Romagna region of northern Italy, southern Switzerland and other
regions, after the peach maturity harvest around July, G. molesta switching from
the peach orchard to the nearby pear and apple orchards, causing serious damage to
the pear and apple; In California, pear orchards near stone fruit orchards are
particularly hard hit during the ripening period (Rice et al.,1972; Pollini & Bariselli
1993; Dorn et al., 2001). This pest always causes considerable economic lose
(CABI 2016). In some locations even over 45 % of fruits has been infected by the
larvae (Kanga et al., 2003), when the G. molesta population are high, the incidence
of the fruits or shoots damage even reach to 80 % (Zhao, 2004). Due to the

characteristics of hidden damage and the transfer of host hazards, it is difficult to
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get good results with traditional chemical control that is the main reason for its
generally occurrence, spread and seriously harm (Borchert et al., 2004).

The annual generation algebra of G. molesta are mainly determined by
climate and the length of the growing season, and it was also affected by the
nutritional conditions of orchards (Zhang XZ, 1980; Kanga et al., 1999; Ahn et al.,
2012). It is reported that G. molesta generally has 4-5 seams of fruit trees (Peterson
& Haeussler, 1928; Yokoyama et al., 1987). However, in some areas, these pests
also have different generations per year, such as in the southern United States and
parts of Europe, it has 7~8 generations annually (Reichard & Bodor, 1972). Even
in China, G. molesta with different annual generation in different parts, it has 3 ~ 4
generations in most areas of northeast China, 4 ~ 5 generations in northwestern
China, 5 generations in Xinjiang Province, and 6 ~ 7 generations in south China
(Wang CY, 2006). The G. molesta also has overlapping generations and wintering
phenomenon (Borchert et al., 2004, Magalhaes & Walgenbach, 2011). In general,
pupation begins in mid to late March in spring, and the pupal period of this
generation is about 15-20d. The pupa begins to emergence when the average
temperature reaches 5 °C for seven consecutive days. When the average
temperature reached 11 ~ 12 °C for five consecutive days, the emergence of adult
worms reaches to a peak (Wang YH, 2012). With the occurrence of multi-
generations, serious intergenerational overlap, and complex life cycle, it is difficult
to predict and control it, which is also the reason for increasing spread and

harmfulness year by year.
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1.3. Control Technologies of the G. molesta
There are many studies and reports on the prevention and control of G.
molesta around the world, and they are mainly focusing on the following aspects:
phytosanitary control, agricultural control, physical and mechanical control,
biological control, chemical control and so on.
1.3.1 Phytosanitary control
G. molesta 1s a quarantine insect in Russia, Mexico and other countries. And it
1s a potential quarantine method effectively remove the pest by refrigerating the
imported fruit at a low temperature. It was reported that 1 ~ 3 instar larvae could
not develop to adult after treatment at 0 °C for 21 days (Yokoyama & Miller 1989).
When the temperature is near 0 °C, eggs and young larvae usually die before the
fourth week.
1.3.2. Agricultural control
Avoid mixed planting of peach and pear trees in orchard. When establishing
orchards, avoid the mixed planting of peaches, apricots and plums trees with
cherries trees, apple trees with pear trees. This will effectively reduce the source of
this pest transferred by host. Meanwhile tied the grass to orchard trunks in order to
attract mature larvae and reduce the cardinal number of overwintering insects.
Removal of dropped fruits from the orchard floor resulted in a significantly lower
disease incidence on fruit in the tree; thus, drop-removal may be useful as a G.
molesta management practice. Clean up the storage place after harvest the fruit

(Ma et al., 2016).
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1.3.3. Physical and Mechanical control
G. molesta has tendency to sweet-sour liquid. We can hang the bowls with
sweet and sour liquid on the fruit trees in order to trap and kill the adult of this pest
in the growing season. It was demonstrated that the liquid decoy works best when
the ratio of sugar, acetic acid, alcohol, water was 3:1:3:80 (Li et al., 2006; Zhai et
al., 2019).

The fruit bagging also has a certain effect on the control of G. molesta. It is
reported that the damage rate of fruits bagged are below 1 %, while the average
insect fruit rate of unbagged fruits reaches 8 %, when they are with the same
pesticide treatment (Zhi, 2008).

1.3.4. Chemical control

The pesticide should be applied during the peak period of overwintering
adults and the first-generation adults. According to the literatures, the mixture of
48 % Lorsban missible oil, beta-cypermethrin, 2.5 % cyhalothrin, and 5 % jipronil
SC shows a better effect to control the G. molesta (Chen, 2007).

1.3.5 Biological control

The biological control of G. molesta has been widely studied, but mainly
focus on natural enemies, sex pheromone and Plant source volatiles (Stelinski et al.,
2007; Rodrigues et al., 2011; Barros-Parada et al., 2018; Robledo et al., 2018; Li et
al., 2019; Guo et al., 2019; Chen et al., 2020; Liu et al., 2020). Additionally, it was
reported that B. bassiana can kill this pest and it can parasitic in wintering larvae

of G. molesta, parasitic rate up to 20-40 %, even as high as 80 % when the
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conditions are suitable (Feng et al., 1988; Sarker et al., 2020). And the mortality
rate of G. molesta caused by B. bassiana was 47.2 % (Song et al., 1993). Mix B.
bassiana with sulfur as a gelatinizing agent is more effective than using this fungus
alone on controlling of G. molesta (Zhao et al., 2010). However, there were a few
studies on the biological control with B. bassiana and the studies were not in-depth
at present to our knowledge.
1.4. Entomopathogenic fungus: Beauveria bassiana
1.4.1. Entomopathogenic fungus

Entomopathogenic fungi are a kind of fungi that can directly invade the host
body under normal physiological conditions to reproduce and cause disease or
death, mainly including the Ascomycetes and Fungi imperfecti (Xiao et al., 2001).
According to reports, there are more than 100 genera and 800 species of
entomopathogenic fungi worldwide. And there are 405 species, among them, 239
species are directly parasitic insects (Wang & Ma, 2009). To date, more than 20
species of entomopathogenic fungi have been developed and utilized to control
pest insects in agriculture, such as Beauveria bassiana, Metarhizium anisopliae,
Trichophyla, Acanthopylospora, Penicillium rosiformis, Fusarium,
Trichopylospora Tompelospora and so on, and some of which have been used in
commercial production (Shah & Pell, 2003). Due to the wvariety of
entomopathogenic fungi and activity of the strains, the host is not easy to develop
resistance, and harmless to the environment and human and animal characteristics

and gradually received people's attention. Therefore, "control insects with fungi"
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will be the focus for biological control work in the future. Although
entomopathogenic fungi have many advantages in pest control, it still has some
natural defects such as long effective time and easy to be affected by
environmental conditions, which lead to many limitations in its practical
application. Therefore, in order to better utilize entomopathogenic fungi for
biological control, it is necessary to further study the infection process and
invasion mechanism of entomopathogenic fungi in order to improve their virulence.

1.4.2 Overview of Beauveria bassiana

Entomopathogenic fungi can infect their host insects with directly contact
and do not need to be consumed by their host, this always cause infection under
normal physiological conditions. It can cause disease or death to the insects by
proliferation in insects' body, and play an important role in biological control
throughout the world (Ferron, 1978; Mora et al., 2017). B. bassiana is one of the
most studied and applied entomopathogenic fungi (Clark, 1982). According to the
field investigation of overwintering insects, among all fungal diseases, 21 % of
deaths are caused by B. bassiana (Li et al., 1983). It was reported that B. bassiana
has been used as control agent against as many as 149 families and more than 700
species of pest insects in agriculture, forestry and veterinary (Zimmermann, 2007).
As a broad host rang insect pathogen, B. bassiana has been a widely used
biological insecticide at present. B. bassiana has a significant broad prospect of
development in the future with the biotechnological innovations, due to its safety

and less dosage. Meanwhile B. bassiana not only as a pest biological control agent,
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but also as a model organism that be used to examine unique aspects of
entomopathogenic fungal growth and development such as the host pathogen
interactions (Lewis et al., 2001; Wanchoo et al., 2009).

1.4.3 Biological characteristics of Beauveria bassiana

B. bassiana is a globally distributed Hyphomycete, and its strains can infect
a range of insects. Colonies of B. bassiana grow relatively slowly, and with colors
ranging from white to yellow. The hyphae are hyaline, smooth and septate. The
aerial conidia are spherical or nearly spherical single spore, smooth and hyaline
(De H, 1972, Huang et al., 2002). Germination of the conidia with an optimum
temperature of 22 ~ 26 °C, and when the temperature reaches to 32 °C, it cannot
germinate any more (Kuang et al.,, 2005). The most suitable pH for its own
sporulation i1s 5.5 ~ 6.5. Conidia germinate in an environment with high relative
humidity. The germination percentage reaches to the top when the relative
humidity is above 95 %. With the humidity decreases, the rate significantly slow
down, and it nearly not grow any more when the humidity decreases to 53 % (Guo
et al., 2010). Humidity plays a vital role in activation of the conidia independent of
a host (Boucias et al., 1988). Ferron found that insects are more easily be infected
by B. bassiana at high ambient relative humidity. B. bassiana conidia are also
easily influenced by light and other factors (Ferron, 1977). Meanwhile the
destruction effect of ultraviolet light on the spores will cause unstable characters of
strains, which will cause the field control effect become worse.

1.5. Insect defense responses to entomopathogenic fungi
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Insects are the largest groups and most diverse animals on the earth (Daly
et al.,1978). There are more than one million species of insects, which play an
important role in the ecological systems. In the process of evolution, insects have
formed a highly effective defense system to resist the invasion and parasitization of
microbes and fugus. But insects have no T and B lymphocytes, and lacking
adaptive immunity system which is found in mammals. Insects mainly rely on a
strong innate immune system to protect the host, which serves as a first-line
defense (Kimbrell & Beutler, 2001). The defense system of insects mainly consists
of humoral immunity and cellular immunity (Ning et al., 2009). Humoral
immunity mainly relies on a variety of active factors in hemolymph, such as
antimicrobial peptides, insect defenders, lysozyme, protease inhibitors and other
factors to fight against foreign pathogens. Cellular immunity mainly relies on
blood cells to resist the invasion of foreign microorganisms through phagocytosis,
nodules, cysts and coagulation (Hou et al., 2012). Currently, there are a lot of reach
on innate immune response of the insects, but mainly focus on the model insects
such as Drosophila melanogaster, Anopheles gambiae, Bombyx mori and so on
(Hoffmann et al., 2002; Christophides et al., 2002; Hiromitsu et al., 2008).
However, there is relatively little research on agricultural and forestry pests.

1.5.1 The body wall defense

The body wall of insects is their first barrier against infection of the
entomological fungi. There are three main ways that insect body wall prevents

pathogens: firstly, the body wall has some components that inhibit fungal
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germination, such as the chitin in the body wall which is not suitable for the
germination of some fungi, or even disordered growth; secondly, the body wall has
tight structures that prevent fungal secretions from penetrating the walls and
entering the insect; thirdly, the molting of body wall could also prevent the
invasion of fungi, that is, when the fungus has just invaded the body wall, it could
prevent the invasion of foreign toxins and pathogens to organisms (Roberts &
Humber, 1981; Hou et al., 2012). These modes may be spontaneous or induced,
and they are closely related to the structure and composition of insect body wall
and the characteristics of fungi themselves (Wang & You, 1999).
1.5.2 Cellular defense

Cellular defense in insects refers to the defense response such as phagocytosis
and encapsulation that are mediated by hemocytes (Strand & Clark, 1999; Irving et
al., 2005). There are plasma blood cells, granular blood cells, bead blood cells and
granulosa cells in insect hemolymph. These cells can recognize and resist
entomopathogenic fungi invasion. Lin (1998) found that most spores could not
germinate after cytophagy of blood cells in the not yet dead larva of Dendrolimus
spectabilis infected with B. bassiana (Lin et al., 1998). The number of blood cells
in the insects increased after infected with B. bassiana, which was mainly because
of the increasing of plasma and granular blood cells that participated in cellular
immunity (Ren et al., 2013).

1.5.3 Humoral immune defense

Humoral defense refers to the humoral immune factors that exists in insects
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normally or induced by fat bodies and blood cells, including the antimicrobial
peptides, phenol oxidase, and lysozyme, then it will activate Toll, immune
deficiency (IMD) pathways protecting hosts from fungal infection (Gillespie et al.,
2000). Humoral immunity is mainly divided into four parts: (1) pattern recognition
molecules; (2) signaling modulation-related molecules; (3) immune signaling
pathway-related molecules; (4) immune responsive effector genes.
1.5.4. Signal identification

Insects always rely on humoral immunity to defense against or even eliminate
the invasion of fungi, bacteria and other pathogens. The immune response is
induced by the specific recognition of common components bearing on the
microbial surfaces, known as pathogen associated molecular patterns (PAMPs), by
pattern recognition receptors (PRRs) (Kang et al. 1998; Ochiai & Ashida 1999;
Werner et al., 2000). Peptidoglycan recognition proteins (PGRPs) are the most
important PRRs in insects, which can recognize the peptidoglycan (PGN) on the
surface of pathogenic microorganisms and activated the Toll and IMD pathways.
Then this can trigger the production of antimicrobial peptides and play a crucial
role in the innate immunity of insects against microorganisms (Hultmark, 2003;
Beutler, 2004; Lu et al., 2020).

PGRPs as an important part of recognition receptor in insects, play an
important role in the immune defense signaling pathway (Toll and IMD), which
are natural immunity molecules found in insects, mollusks, echinoderms, and

vertebrates, but not present in nematodes or plants (Kang et al., 1998; Dziarski &
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Gupta, 2006; Gerardo et al., 2010;). Nowadays more than 100 kinds of PGRPs in
insects and mammals have been identified, PGRPs can be categorized into two
types: long (L) types and short (S) types based on their length. At present, there are
nearly 100 members of PGRPs family have been identified, 6 long and 6 short
forms have been found in Bombyx mori, 6 long and 7 short forms in D.
melanogaster, and 4 long and 4 short types in Anopheles gambiae 4 PGRP genes
in Homo-sapiens and Musmusculus (Kang et al., 1998; Tanaka et al., 2008). At
present, studies on PGRPs mainly focus on D. melanogaster and B. mori, and
fewer studies have been performed in other Lepidoptera insects.

We have also identified several PRRs in insects including peptidoglycan
recognition proteins (PGRPs), LPS and B-1,3-glucan binding protein (LGBP), C-
type lectins, beat-1,3-glucan recognition proteins (BGRPs), Gram-negative
bacteria binding proteins (GNBPs), lipopolysaccharide and beta-1,3-glucan
binding protein (LGBP), scavenger receptors (SCRs), thioester-containing proteins
(TEP), Toll like receptor (TLRs), Hemolin (Yu et al., 2002; Rao et al., 2014).

The BGRPs are one of the major PRRs which have strong specific affinity for
B-1,3-glucan, and serve as a biosensor against fungi (Ochia et al., 2000). Its
interaction with (3-1,3-glucan stimulate the prophenoloxidase (PPO) system, which
1s an important defense response in insects (Ma et al., 2012). And the PPO
activating system (PPO-AS) involves the activation of serine proteinases, which is
triggered by PAMPs to enhances the PPO cascade (Sivakamavalli & Vaseeharan,

2014). Till date, BGRPs have been described in many insects, such as the Blaberus
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craniifer (Soderh et al. 1988), B. mori (Ochiai et al., 2000), Manduca sexta (Ma et
al., 2000), Tenebrio molitor (Zhang et al., 2003), Spodoptera exigua (Bang et al.,
2012), Locusta migratoria manilensis (Zheng & Xia, 2012), Plutella hypostyle
(Huang et al., 2015),

1.5.5. Signal conditioning

When the insect is infected by pathogen, the extracellular immune cascade is
activated, and always starting with the extracellular processing signals of serine
protease and serpins (Soderhill et al., 2009). The intracellular immune signaling
pathways have been extensively studied in Drosophila, with most information
having been obtained by injection of bacteria or fungus directly into the fly
hemolymph. Toll pathway activation occurs through pathogen detection by soluble
peptidoglycan recognition proteins (PGRPs) that stimulate a serine protease
cascade, culminating in the proteolytic activation of the extracellular ligand,
Spétzle. Activation of a second pathway, the immune deficiency (IMD) pathway,
occurs when a pathogen is detected by a membrane-bound class of PGRPs (show
as in Fig. 1).

Serpins are a large family of insect proteases, mainly involved in signal
transduction, a cascade of amplification, ultimately leads to the activation of
specific defense mechanisms, such as melanism, agglutination, and the induction
of antibacterial skin. At present, it is known to be involved in the regulation of
hemolymph coagulation, antibacterial peptide synthesis and melanism

encapsulation and other innate immune responses of insects and it may be the key
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link to regulate PPO reactive activity (Liu et al., 1997; Yang et al., 2005). When
insect is infected by pathogen, a series of hemolymph serine proteases are rapidly
activated, converting PPO into active phenol PO. PO catalyzes the production of
melanin at the injured site or around the invading pathogen, causing melanization
of the invading pathogen and producing toxic by-products such as o-quinone
(Zheng et al., 2009). In this process, serpins are regulated negatively by inhibiting
the activity of serine protease in order to maintain the dynamic balance of immune
pathways in insects (An & Kanost, 2010). They have been studied in many insects,
including Hyphantria cunea, D. melanogaster, Mamestra configurata, B. mori, M.
sexta, Mythimna unipuncta, A. pernyi etc. (Jiang et al., 1994; Jiang et al., 1996;

Zou et al., 2009; Zheng et al.,2009).
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Fig.1. Toll and IMD immune signaling pathways involved in anti-

Plasmodium defense. Following recognition of a microbe, or unknown Plasmodium ligand, by soluble PGRP

molecules, the Toll pathway is stimulated by binding of the ligand Spétzle with the Toll transmembrane receptor. This triggers a
series of molecular events that culminate in the activation (*) and translocation of Rell into the nucleus, up-regulating
transcription of immune genes that are responsible for microbial killing. The IMD pathway is stimulated when the

transmembrane PGRP-LC receptor binds peptidoglycan or an unknown Plasmodium ligand that leads to the cleavage of Rel2-F
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and translocation of active Rel2-S (*) into the nucleus. A different set of anti-Plasmodium genes are up-regulated when the IMD
pathway is stimulated. Branching of the IMD pathway is indicated, but the JNK pathway has not been extensively characterized

in Anopheles mosquitoes.

1.6. Research Ideas of the study

The oriental fruit moth, G. molesta (Busck) (Lepidoptera: Tortricidae) is a key
pest of tree fruits worldwide (Kong et al., 2019; Kong et al., 2020). The larvae feed
on the shoots and fruits of the stone and pome plants mainly belonging to the
Rosaceae family, including many economic fruit trees, such as peach, pear, apple
etc. (Rothschild & Vickers, 1991; Myers et al., 2006). It has been the most
headachy insect pest that threatens fruits quality worldwide, causing great
economic losses in many fruit-growing regions of China (Lu et al., 2012; Zhao et
al., 2013; Kirk et al., 2013). Thus, the larvae of this insect must be reduced to a low
population or virtually eliminated from orchards to avoid major economic losses
(Chant, 1964). However, it is difficult to be eradicated with traditional chemical
control methods due to the larvae’s habits of drilling into fruits or twigs (Borchert
et al., 2004). Furthermore, G. molesta has developed resistance to some of broad-
spectrum insecticides such as carbamates and pyrethroids, and the overuse of
insecticides have caused severe harms to the environment (Kanga et al., 2003).
Therefore, more environmental-friendly and non-toxic biological control methods
are urgently needed to control G. molesta.

The entomopathogenic fungus, Beauveria bassiana, 1s an efficient
bioinsecticide against a variety of pests and an alternative to chemical pesticides
for pest control (Ferron, 1978; Feng et al., 2008; Saranraj & Jayaprakash, 2017). B.

bassiana was effective against larvae of G. molesta, and its parasitic rate can reach
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to 20—40%, or even to 80% under suitable conditions (Ran et al., 2016; Sarker et
al., 2020). B. bassiana infect their hosts by penetration of the cuticle directly, but
insects rely on an efficient and potent innate immune system to prevent the
invasion of pathogens (Lemaitre & Hoffmann, 2007). Therefore, the
entomopathogenic fungi always play a role as elicitors of insect immune responses
(Lu & St. Leger, 2016). An understanding of fungal induced immune responses
could provide strategies for the development of more efficient mycoinsecticide for
controlling destructive pest (St. Leger & Bidochka, 1996; Zibaee et al., 2011).
Several reports have been published about the immune response to B. bassiana
infection in insects, such as Eurygaster integriceps (Zibaee et al., 2011), Bemisia
tabaci (Xia et al., 2013; Wang et al., 2015), Ostrinia furnacalis (Liu et al., 2014),
D. melanogaster (Francesco et al., 2015), Plutella xylostella (Zhang et al., 2018),
Bombyx mori (Hou et al., 2011; Geng, 2016), Riptortus pedestris (Jin et al., 2019)
et al. However, there are few research on G. molesta have been reported, and the
molecular interactive and responsive mechanisms about G. molesta against B.
bassiana remains poorly understood.

In order to get a better understanding on the interaction mechanism between B.
bassiana and G. molesta, improving the control effectiveness of G. molesta against
B. bassiana, necessary to analysis the transcriptome data of G. molesta larvae the
immune-related genes involved in this process were identified. Then we analysis
the role of pattern recognition receptors GmPGRP-SC, GmBGRP, and GmSerpins

in the innate immune response signaling pathway of G. molesta from the
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perspective of the immune defense response of B. bassiana. These results will
provide a prospect to help us better understand host-pathogen interactions and
provides a foundation for the engineering of entomopathogenic fungi and the
discovery of insecticidal targets to control insect pests. And it prospected the
improvement of effective on biological control of G. molesta by B. bassiana,
which provide a theoretical basis for supply better services to plant protection in
the future.

Research technical courses:
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The effective target genes were selected in order to improve the control effect of fungi on
the molecular view and achieve the purpose of better biological protection

l

Investigation on the occurrence and dynamics of G molesta in peach orchard and evaluation on the
control of five different biological pesticides

Conclusions to Chapter 1
Due to the characteristics of hidden damage and the transfer of host hazards,

it 1s difficult to get good results with traditional chemical control for G. molesta
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that is the main reason for its generally occurrence, spread and seriously harm. The
entomopathogenic fungus, Beauveria bassiana, i1s an efficient bioinsecticide
against a variety of pests and an alternative to chemical pesticides for pest control.
B. bassiana was effective against larvae of G. molesta, however the control effect
of B. bassiana is always affected by many factors, and results in relatively low
control efficiency. Therefore, it is necessary to strengthen the research on the
molecular mechanism of immune response of entomogenic fungi and G. molesta.

The study of immune genes plays an important role in the signaling
pathway of insect resistance to fungal infection. A deeper understanding of the
function of these genes can enhance understanding and exploitation.

The biotechnological approach is relevant and promising. These methods
greatly speed up the selection process. The use of molecular biological methods to
develop more effective target genes provides a promising path for the development

of biopesticides.
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CHAPTER 2

CHAPTER TWO MATERIALS AND METHODS
2.1. The selected material
2.1.1. Insect rearing
In the laboratory, the insects were reared on artificial diet for more than 30
generations before conducting the experiment. The adults were reared in beaker (2
L in volume) with one fresh fuji apple and a spawning paper inside for egg laying
and fed with 10% honey solution. Neonate larvae were reared in the apples, and
late instar larvae (third to fifth instar) were picked out from the rotten apples
(Wang et al., 2017; Zhang et al., 2021). The late instar larvae were reared on
artificial diet until pupation following the methods of Du et al (2009). All of them
were reared under a photoperiod of 15: 9 L: D at 85% relative humidity at 26.5°C
to the appropriate assay instar.
2.1.2. Instrument and equipment
The main software and instrument used in this study are DNAMAN, MEGA
7.0, Graph Pad Prism. 7.00, SPSS 18.0, Bio-Rad PCR instrument (American),
Eppendorf 5425 R small high speed refrigerated centrifuge, ABI QuantStudio5 Q5
(American), Nexcelom Cellometer-MIni automatic cell counter (American),
THERMO Varioskan Flash all-wavelength multifunctional enzyme label
instrument (England), Drummond Nanoject III Drummond Fully Automatic

Microinjector (American), HPD-250A Artificial climate Chamber (China),
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autoclave (China), NanoDrop one ultrafine spectrophotometer (American) 96-well
PCR tubes (TempPlate PCR plate, 0.2 mL thin-wall standard wells, USA
Scientific), and etc.

2.1.3. The test reagent

ChamQ Universal SYBR real-time PCR Master Mix (Vazyme, Nanjing,

China); HiScript® II Reverse Transcriptase (Vazyme, Nanjing, China); RNAprep
Pure Tissue Kit (TIANGEN, Beijing, China); Tag DNA Polymerase (Solarbio,
Beijing, China), In vitro Transcription T7 Kit (Takara, Japan), Bradford Protein
concentration assay kit (Solarbio, Beijing, China), L-DOPA, Phosphate Buffered
Saline, Other reagents are domestic or imported analytical pure reagents.

2.2. Experimental method

2.2.1. Laboratory evaluation of the effect of Beauveria bassiana on
the vital activity of Grapholita molesta

2.2.1.1. Fungal pathogen and preparation of conidial suspension

B. bassiana BNCC 111705 was from BeNa Culture Collection, and cultured

on potato dextrose (PDA) plates at 28 °C, 95% humidity under complete darkness.
Conidia (spores) used for the infection were harvest form 5—7 days old cultures by
scraping the surface of the mycelia with 40 mL ddH,O, filtered with sterile gauze,
and then washed with ddH,O for third times. The spore concentrations were
adjusted to 1x10° conidia/mL, 1x10° conidia/mL, 1x107 conidia/mL. The viability
of conidia was determined before the bioassay, and greater than 95% conidia

germination was observed in all tests.
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2.2.1.2. Larva bioassays

Fourth instar larvae with consistent growth were selected and used for two
different modes of infection. Immersion method: To be infected insects were
soaked in the spore suspension of 1x10° conidia/mL, 1x10° conidia/mL, 1x10’
conidia/mL, for 10 s, while the insects of control group were treated with ddH,O
for the same duration. Feeding method: The same size of artificial diet was
smeared with the suspensions of conidia with different concentrations of B.
bassiana, and place on absorbent paper for a few times to dry excess water surface.
The treated group of insects were feed with the artificial diet coated with B.
bassiana. The control groups were feeding with asepsis artificial diet.

A total of 120 insects for each treatment with three biological replicates, and
each biological replicate with 30 larvae respectively. Insects were further dried
with sterile filter paper, and reared separately in a dactylethrae with artificial diet
and kept in Artificial Climate Chamber, at 26.5 °C, 95 % RH, under a photoperiod
of 15L:9D.

Mortality was observed every 24 h for larvae and, until all insects in the
control had died. Every larva in control group and treatment group was numbered,
and the body weight of it was recorded on the first day of the fifth instar and pupal
stages in each group.

2.2.1.3. Statistical analysis
Statistical analyses were all performed using SPSS 18.0 Statistics software

and graphs were constructed using Graph Pad Prism. 7.00. software. One-way
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analysis of variance (ANOVA) and Tukey’s test were used, P < 0.05 was
considered significant (Zar, 2010).

Corrected mortality (%) = (treatment mortality - control mortality) /(1 -
control mortality) x100%.

2.2.2 Transcriptome analysis of G. molesta larvae in response to
entomopathogenic fungi Beauveria bassiana

2.2.2.1 Sample preparation for transcriptome sequencing

A total of 60 fifth-instar newly emerged larvae were collected for two
different treatment groups. To infect insects were exposed to the spore suspension
of 1 x 107 conidia/mL for 10 s, while the insects of control group were treated with
ddH,O. Insects were further dried with sterile filter paper, and reared separately in
a dactylethra with artificial diet. All the treatments were performed with three
biological replicates. After 24 h, these samples were frozen immediately, grounded
in liquid nitrogen and stored at —80 °C until use.

2.2.2.2. Process of total RNA extraction from G. molesta

Follow the instructions provided by TIANGEN company for RNAprep
Pure Tissue Kit:

(1) Homogenate treatment: Add 300 pL lysate RL for every 10-20 mg
tissue (please check whether B-mercaptoethanol has been added before use), and
grind the tissue thoroughly with a grinding pestle (if the tissue is difficult to be
thoroughly ground, electric or glass homogenizer can be used); Then, 590 pL

RNase-Free ddH,O and 10 pL Proteinase K were added into the homogenate,



50

which was mixed and treated at 56 °C for 10-20 min;

(2) Centrifuge at 12,000 rpm (~13,400xg) for 2-5 min and take the
supernatant for the following operations;

(3) Slowly add 0.5 times the supernatant volume of anhydrous ethanol, mix
(precipitation may occur at this time), the resulting solution and precipitation, the
adsorption column was transferred to CR3 (the adsorption column was placed in
the collection tube) and centrifuged at 12,000 rpm (~13,400xg) for 30-60 s, discard
the waste liquid in the collection tube and put the adsorption column back into the
collection tube;

(4) Adsorption column CR3 was added with 350 pL deproteinizing solution
RW1, centrifuged at 12,000 rpm (~13,400xg) for 30-60 s, and abandoned waste
liquid, put the adsorption column back into the collection tube;

(5) Preparation of DNase I working solution: 10 pL DNase 1 storage
solution was put into a new RNase-Free centrifuge tube and added

70 uLL RDD bufter, gently mixed.

(6) DNase I working solution (80 puL) was added into the center of
adsorption column CR3 and placed at room temperature for 15 min;

(7) Adsorption column CR3 was added with 350 pLL deproteinizing solution
RW1, centrifuged at 12,000 rpm(~13,400xg) for 30-60 sec, and abandoned waste
liquid, put the adsorption column back into the collection tube;

(8) Add 500 pL bleach solution RW to adsorption column CR3 (please

check whether ethanol has been added before use) and let stand at room
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temperature for 2 min, centrifuge at 12,000 rpm(~13,400xg) for 30-60 s, discard
the waste liquid, and put the adsorption column CR3 back into the collection tube;

(9) Repeat Step (8).

(10) Centrifuge at 12,000 rpm (~13,400xg) for 2 min and drain the waste
solution. Adsorption column CR3 was placed at room temperature for several
minutes to thoroughly dry the residual bleach solution in the adsorbed material;

(11) Adsorption column CR3 was transferred into a new RNase-Free
centrifuge tube, and 50 pLL. RNase-Free ddH20 was added to the middle part of the
adsorption membrane. The adsorption column was placed at room temperature for
2 min, and centrifuged at 12,000 rpm (~13,400%g) for 2 min to obtain the results
RNA solution.

RNA degradation and contamination was monitored on 1% agarose gels. The
concentration and purity of extracted RNA was determined using ultrafine
spectrophotometer (NanoDrop One, Thermo Fisher). All samples were kept in -80
°C for any further study to prevent hydrolysis of RNA.

2.2.2.3 Digital gene expression (DGE) library construction and
sequencing

For each sample, 800 ng of total RNA was used to isolate mRNA using
oligo(dT) magnetic beads. Sequencing libraries were generated using NEBNext
Ultra Directional RNA Library Prep Kit for Illumina (NEB, Ispawich, USA)
according to the manufacturer’s recommendations. Briefly, mRNA was purified

from total RNA using poly-T oligo-attached magnetic beads (Life technologies,
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CA, USA). Fragmentation was carried out using divalent cations under elevated
temperature in NEB proprietary fragmentation buffer. DNA fragments with ligated
adaptor molecules on both ends were selectively enriched using NEB Universal
PCR Primer and Index primer in a 10 cycles PCR reaction. The library was paired-
end sequenced using PE150 strategy on Illumina HiSeqTM 2000 (Illumina, San
Diego, CA, USA) in the Novogene company (Tianjin, China). The challenged and
control libraries were sequenced in one lane then raw reads were sorted out by
barcodes.
2.2.2.4 Assemble and annotation of transcriptomes

Raw data (raw reads) in fastq format were firstly processed through a self-
written perl scripts (Novogene company, Tianjin, China). In this step, clean data
(clean reads) were obtained by removing reads containing adapter, reads
containing ploy-N and low-quality reads from raw data. At the same time, Q20,
GC- content and sequence duplication level of the clean data was calculated. All
the downstream analyses were done on the clean data with high quality. De novo
transcriptome assembly was carried out with a short-read assembling program-
Trinity (Grabherr et al., 2011). The generated unigenes were analyzed by searching
the GenBank database with the BLASTX algorithm (https://www.ncbi.nlm.
nih.gov/). Gene Orthology (GO) and KEGG Orthology (KO) annotations of the
unigenes were determined using Blast2go (https://www.blast2go.org/) and Inter-

ProScan software.
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Fig.2. Transcriptome resequencing experimental process
2.2.2.5. Identification of differentially expressed genes
The FPKM (Fragments per kb per million fragments) method was used to
calculate the expression of unigene. It is generally considered that when FPKM >
0.3 the unigene are expressed (Mortazavi et al., 2008). The differential gene
expression analysis was performed using P value and the DESeq2 package (Love
et al., 2014). The P-value of hypothesis testing was calculated by statistical model
and analyzed by the Benjamini and Hochberg’s approach (Benjamini & Hochberg,
1995). We screened genes with a P-value < 0.05, considering them as significant
differentially expressed genes.
2.2.2.6. Reverse transcription
Follow the instructions provided by Vazyme company for HiScript® II Q RT
SuperMix for qPCR (+gDNA wiper):

(1) Removal of genomic DNA:

Name of the reagent usage amount
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RNase-free ddH,O 12uLl.
4 x gDNA wiper Mix 4 uL
Templet RNA lulL

Gently use the pipette repeatedly blowing mixed, then the mix was incubated
at 42 °C for 2 min in Bio-Rad PCR instrument.
(2) Preparation of retro-transcriptional response system:

Add 5 x HiScript II qRT SuperMix II directly to the reaction tube in

Step 1
Name of the reagent usage
amount
5 x HiScript II gRT SuperMix 11 4 uL
The reaction liquid from step 1 12 uL

Gently use the pipette repeatedly blowing mixed, then the mix was incubated
at 50 °C for 15min, 85 °C for 15 s in Bio-Rad PCR instrument. The product can be
immediately used for qPCR reaction, or stored at -20 °C and used within half a year;
Long-term storage: it is recommended to store at -80 °C after subpackaging.
Repeated freeze-thaw should be avoided for cDNA.

2.2.2.7. Design and completion of primers

Table 1
Lists of the primer sequences
Primer name Primer Sequence (5' to 3')

SRCBF1 AGACGACCTTCTCTTTCTGC
SRCBRI1 GCTGAATGTTGCCGATAGA
PLAF1 TGAAACCCGTCAAGTCCT

PLARI1 GCACTCATTTGTCTGGCA

SERF1 TGTGATTGTTCTTCTGTGCG
SERR1 GGCTTGTCTTATTCTCTCTGCT
CarEF1 CCCTGGGCGATACTAAATC
CarER1 CTGCTATTACAAGACGGGTGT

SERF2 TTTAGCCCTACCAACCCA

SERR2 GCACCATCAGTCCGTTAGA
P450F2 TGGCTTGTATGGAGGAGAC

P450R2 CAGGATTACGGTTCAAATGG
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P450-3F1 TAGTGTTCTTTGCTGCGG
P450-3R1 CATCTCCTTTACGGCATTG

P450F1 ATGAAGGCTGAGGTTGGAC
P450R1 TGTGTGCCCAGGTCTATTG
CPBF1 CAGAACAGGAAGAATAGGATGG
CPBRI1 TTGGAGGTGTCGGTAAAGTT
SERF3 ATCTCTGCGGATGGTGAA
SERR3 GCGGGTGGTTGAAATACTC
DPP-4F1 CCCATTGAAAGAAGGAGACG
DPP-4R1 TACTGAAGGTCCGAGCACTG
EF-laF CATCACAGTAAAGGACGGTAAG
EF-l1aR AGAACAAGACCAGAGCATCC
PGRPF1 TCAAGTGCGGAGTGACCAA
PGRPR1 ATGCCATCAAGATTGTCGG
BGRPF1 CAACCAACCGCTACCATAG
BGRPRI1 TTCTCAGCATCCCAAAGAC
TollF1 CCAACATTTCACTGGCATAC
TollR1 GAATAGTTTCTGCTCCAAGTCC

According to the gene sequence retrieved by de novo transcriptome data, the
primers were designed and synthesize by Shenggong Bioengineering (Shanghai)
Co.

2.2.2.8. Real-time PCR

The RNA samples used for the qRT-PCR analysis were the same as for
the DGE experiments and independent RNA extractions were used for
biological replicates. The cDNAs were synthesized following the method of
HiScript® II Reverse Transcriptase (Vazyme, Nanjing, China). The qRT-PCR
was performed on QuantStudio5S Real-Time PCR System (ABI, USA) using
the ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China),
according to the manufacturer’s instructions. Ef-/oc were used as a
housekeeping gene from the housekeeping gene selection report (Cao, 2015).
Quantitative analysis followed a comparative Ct (AACT) method

— AACt = —(A Ct.q —A Ct.ab) (Livak & Schmittgen, 2001). Ct represents
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the number of cycles the target amplification product underwent to reach the set
threshold, A Ct means difference of Ct value between target gene and
housekeeping gene ( q means target gene in this experiment is the target gene and
ab means housekeeping gene in this experiment is Ef-/o gene, Primers sequences
are detailed in Table 1. Follow the instructions provided by Vazyme company for
ChamQ Universal SYBR qPCR Master Mix:

(1) The following mixture was prepared in the 96-well PCR tubes.

Name of the reagent usage amount
2 X ChamQ Universal SYBR qPCR Master 12 uL
Mix
Primer F (10 uM) 0.4 uL
Primer R (10 uM) 0.4 uL
Template DNA/cDNA 1 uL
ddH,O 8.2 uL
Total 20 uL

The real-time PCR was calculated by relative quantitative method
follow the instructions of Cham(Q Universal SYBR real-time PCR kit. The
instruments used are ABI QuantStudio5 Q5 (American) real-time PCR, the
reaction conditions are as follows: pre-denaturation at 95 °C for 30 s, 95 °C
for 10 s, 60 °C for 30 s, a total of 40 cycles, 95 °C 15s, 60 °C 60s, 95 °C 15 s
for recording the dissolution curve.

2.2.3. Characterization and functional analysis of target genes
from G. molesta

2.2.3.1. Identification of target genes and full-length and
validating obtaining the opening reading frame (ORF) of target genes

The full-length of the target cDNA was obtained from de novo transcriptome
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data constructed previously by our library (Cao et al., 2022). To verify the full-
length cDNA acquired from the transcriptome sequences, two gene-specific
primers were used to amplify the ORF of the target gene.

Polymerase chain reaction (PCR) was conducted using a 50 pl reaction
mixture consisting of 25 ul of 2x Es Taq PCR Master Mix (CWBIO, Jiangsu,
China), 2 pmol of each forward and reverse primer and 2 pl of cDNA template (40
ng/ul). The PCR conditions were as follows: an initial incubation at 94 °C for 2
min, followed by 35 cycles at 94 °C for 30s, 55 °C for 30s, and 72 °C for 30s, with
a final extension at 72 °C for 2 min. The PCR-amplified fragments were gel-
purified by electrophoresis using 1% agarose gel. The purified PCR products were
sequenced using an ABI Model 3100 automated sequencer (Sangon Biotechnology
Co. Ltd., Shanghai, China).

2.2.3.2. The amino acid sequence of target genes of G. molesta was
compared and the evolutionary tree was constructed

The homology search for protein sequence cDNA sequence of was performed
using BLAST algorithm at NCBI (http://www.ncbi.nlm.nih.gov/). The ORF
prediction and protein translation were performed by DNAMAN. Protein physical,
chemical properties and structural domain prediction using the Expert Protein
Analysis  System  (http://web.expasy.org/protparam/),  SignalP-5.0  Server
(http://www.cbs.dtu.dk/servic-es/SignalP) and SMART
(http://smart.emblheidelberg.-de/) analysis. Amino acid sequence from other

insects were retrieved from the NCBI GenBank. A neighbor-joining (NJ)
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phylogenetic tree was constructed using Mega7.0 software. The reliability of the
branching was tested using the bootstrap resampling (with 1000 pseudo replicates)
technique (Appendix B).
2.2.3.3. Temporal and spatial expression analysis of target genes
The samples of RNA were extracted at different development stages (1st, 2nd,
3rd, 4th, 5th instar, pupa, and adult) and sample of different tissue were extracted
from the larvae that second days after fifth-instar larva, including hemocyte (70 to
80 samples were taken from each sample, and the hemolymph was collected at
4000 g/min), fat bodies, epidermis, malpighian tubules and midgut, according to
the method of RNAprep Pure Tissue Kit, RNA purity and integrity were checked
with ultrafine spectrophotometer (NanoDrop One, Thermo Fisher).
2.2.3.4. siRNA synthesis
The 21-nucletide sequence of the siRNA sequences were selected using DSIR
(http://biodev.extra.cea.fr/DSIR/DSIR.htmL) which automatically provides a list of
potential candidates. Negative CK was a kind of commercial siRNA that showed
no RNAI effects in any treatments purchased from Genepharma Company (China,
shanghai). The siRNAs were synthesized using an In vitro Transcription T7 Kit

(Takara, Japan) according to the to the manufacturer's instructions as follows:

Table 2
Lists of the primer sequences for siRNA
Primer name Primer Sequence (5' to 3")
PGRP Oligo-1 GATCACTAATACGACTCACTATAGGGCGTGCTTGTGGTATTTCAAGGTT
PGRP Oligo-2 AACCTTGAAATACCACAAGCACGCCCTATAGTGAGTCGTATTAGTGATC
PGRP Oligo-3 AACGTGCTTGTGGTATTTCAAGGCCCTATAGTGAGTCGTATTAGTGATC
PGRP Oligo-4 GATCACTAATACGACTCACTATAGGGCCTTGAAATACCACAAGCACGTT
BGRP Oligo-1 GATCACTAATACGACTCACTATAGGGGGAAGCGATTTATCCTAGAGGTT

BGRP Oligo-2 AACCTCTAGGATAAATCGCTTCCCCCTATAGTGAGTCGTATTAGTGATC
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BGRP Oligo-3
BGRP Oligo-4
Serpin2 oligo 1
Serpin2 oligo 2
Serpin2 oligo 3
Serpin2 oligo 4
Serpin3 oligo 1
Serpin3 oligo 2
Serpin3 oligo 3
Serpin3 oligo 4

AAGGAAGCGATTTATCCTAGAGGCCCTATAGTGAGTCGTATTAGTGATC
GATCACTAATACGACTCACTATAGGGCCTCTAGGATAAATCGCTTCCTT
GATCACTAATACGACTCACTATAGGGGGTTGGGTGTCTAATCTTATT
AATAAGATTAGACACCCAACCCCCTATAGTGAGTCGTATTAGTGATC
AAGGTTGGGTGTCTAATCTTACCCTATAGTGAGTCGTATTAGTGATC
GATCACTAATACGACTCACTATAGGGTAAGATTAGACACCCAACCTT
GATCACTAATACGACTCACTATAGGGGGACGAATCTGGAGAAGAAGATT
AATCTTCTTCTCCAGATTCGTCCCCCTATAGTGAGTCGTATTAGTGATC
AAGGACGAATCTGGAGAAGAAGACCCTATAGTGAGTCGTATTAGTGATC
GATCACTAATACGACTCACTATAGGGTCTTCTTCTCCAGATTCGTCCTT

(1) Preparation of double-stranded Oligo DNA

Name of the reagent usage amount
10x Annealing Buffer 2 uL

100 pmol/uL Oligo A* 2 uL

100 pmol/uL Oligo B* 2 uL
RNase free dH20 14 uL

a. A and B must be paired. Specific pairing conditions are as follows:

Oligo-1 and Oligo-2; Oligo-3 and Oligo-4; n-Oligo-1 and n-Oligo-2; n-Oligo-3 and

n-Oligo-4.

b. The Oligo DNA annealing solution was placed on the PCR amplification

instrument, treated at 95 °C for 2 min, cooled to 25 °C for 45 min, and then kept at

25 °C for 10 min. At this time, a pair of single-stranded Oligo DNA was annealed

to form double-stranded Oligo DNA, and the concentration of double-stranded

Oligo DNA was 10 pmol/ pL. The solution can be used as template DNA. Store at

-20 °C when not in use.

(2) In vitro transcriptional reaction

Name of the reagent usage
amount
10x Transcription Buffer 2 uL
ATP Solution 2 uL
GTP Solution 2 uL
CTP Solution 2 uL
UTP Solution 2 uL

RNase Inhibitor 2 uL
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T7 RNA Polymerase 0.5 uL
RNase free dH20 5.5uL
10 pmol/uL double strands Oligo 1 pL
DNA solution ( Oligo-1/-2) *1

10 pmol/u 1 double strands Oligo 1 pL
DNA solution ( Oligo-3/-4) *1

Total 20 uL

The above solution was mixed evenly and centrifuged slightly. The
transcription reaction solution was collected at the bottom of the reaction tube and
reacted for 2 hours at 42 °C. A portion of the reaction solution was taken for gel
electrophoresis to confirm the RNA products after in vitro transcription.

(3) Nuclease treatment:
a. The following solution was added to the reaction tube after the in vitro

transcription reaction.

Name of the reagent usage amount
RNase free DNase I (5 U/p 1) 2 uL
RNase T1 (4 U/ D)* 1 uL
Total 3 ulL

*:4 U/ uL RNase T1: Dilute the RNase T1 to 4 U/ puL in the RNase T1
Dilution Buffer. (Dilute RNase T1 should be used as soon as possible and should
not be stored.)

b. Reaction at 37 °C for 2 hours.

The injection solution was prepared by dissolving siRNA in RNase free dH,O
for 2000ng/uL and both the treatment group and control group were injected with
1uL. The siRNA was injected into the abdominal intersegment behind the second
abdominal segment of the selected fifth-instar larvae using a microinjector with a

glass capillary needle. For phenotype observation, 30 larvae were injected for each
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treatment, and three replications were made. The injected larvae were reared
routinely on artificial diet. After 24 h, 48 h and 72 h, the surviving larvae were
selected to measure the silencing effect of siRNA microinjection on target gene
transcript levels by gPCR.
2.2.3.5. M2L-siRNA and NPS5- siRNA preparation of complex

The Nanocarrier material M2L and NP5 were kindly gifted from Dong
jiangtao. The material is described in detail in the article Dong et al (2021), which
can effectively bind dinucleotides and prevent their degradation. In order to obtain
the nanoparticle complex, dsRNA solution containing 30 ug was combined with
the nanomaterial M2L and NP5 (the nanomaterial was completely dispersed by
ultrasonic treatment before use), and the complex was mixed with equal volume of
DEPC water, treated with 4 °C and incubated for 2 h, so that the nanomaterial was
fully combined with double-stranded RNA. In order to determine the encapsulation
efficiency of M2L and NP5, the M2L-SiRNA and NP5-siRNA complex were
centrifuged at 21000 g for 20 min, and the content of double-stranded RNA in the
supernatant was measured with the spectrometer. The percentage of double-
stranded RNA in the complex formed by M2L and NP5 was calculated (that is, the
loading rate of double-stranded RNA).

2.2.3.6. siRNA injection

The injection solution was prepared by dissolving siRNA in RNase free

ddH,O for 2000 ng/uL and both the treatment group and control group were

injected with 1uL. The siRNA, M2L- siRNA and NP5-siRNA were injected into
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the abdominal intersegment behind the second abdominal segment of the selected
fifth-instar larvae using a microinjector with a glass capillary needle respectively.
For phenotype observation, 30 larvae were injected for each treatment, and three
replications were made. The injected larvae were reared routinely on artificial diet.
After 24 h, 48 h and 72 h, the surviving larvae were selected to measure the
silencing effect of siRNA microinjection on the target gene transcript levels by
qPCR.
2.2.3.7. Analysis of PPO enzyme activity

Collection of hemolymphs: after interference treatment, dissected the G.
molesta in PBS and collected the hemolymphs on ice (30 samples of each
treatment and control group, and the hemolymph was collected at 4000 g/min),
then stored at -80 °C for Phenoxylase activity determination.

Phenoxylase activity determination: add 1.4 mL 0.02 mol/L phosphoric acid
buffer to 1.5 mL L-DOPA (0.05mol/L), water bath at 30 °C for 30 min, add 0.1 mL
of enzyme solution and the OD values at 475 nm were determined in all-
wavelength multifunctional enzyme label instrument. The change of light
absorption value at 475 nm was measured with multifunctional enzyme label
instrument, and the reading was performed once every minute for 30 min. One unit
of enzyme activity is defined as A475- light absorption value change of 0.001 per
minute. At the same time will dilute after 10 pL haemolymph supernatant liquid to
join Bradford, 10 min, gently shake test 595 nm absorbance reading, according to

the determination of protein concentration in the standard curve lie, determine the
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protein concentration of the sample, and calculate the specific activity of PO.
Protein content was determined by G-250 Coomassie bright blue method.

A PPO enzyme activity unit is defined as AA475/min = (AA treatment
group — AA control group) / 10.

SPSS statistical software was used for one-way analysis of variance (ANOVA)
and Tukey's test method for multiple comparison between the mean values. P <
0.05 indicated significant difference, and P < 0.01 indicated extremely significant
difference. The data used are mean =+ standard deviation (M£SD).

2.2.4. Investigation on the occurrence and dynamics of G. molesta
in peach orchard and evaluation on the control of five different
biological pesticides

2.2.4.1. Dynamic investigation

(1) Description of experimental locations

The location of the survey was the fruit production demonstration park of
Henan Academy of Agricultural Sciences modern agricultural science and
technology experimental demonstration base. The climate in study area is warm
temperate continental monsoon climate with moderate precipitation and mild
climate. The average annual temperature is 11.8 °C, with an average of 19°C in
January. The average temperature in July is 27.8 °C, the average annual
precipitation is 161 mm, and the annual sunshine duration is 2698.4 hours. The
surrounding environment of the test site: peach trees planted in the east, covering

an area of 2 mu, with a tree age of 10 years, mainly planting new peach varieties
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such as Zhongnong Jinhui, Jinming and Jinshuai; Pear trees planted in the west, an
area of 5 mu, as a resource conservation nursery, tree age of 10 years, mainly to
preserve western pear variety resources. The row spacing of the trees is 2 mx4 m,
and the tree shape is evacuation stratification.
(2) Investigation on dynamics of G. molesta

Pheromones were used to trap G. molesta in a water basin. The birdbath is a
plastic basin with a diameter of about 20 cm. In the distance from the top edge of
the basin 3 cm evenly play three holes, and then through the hole into the fine wire.
The lure was fixed with thin iron wire over the center of the basin and 3 cm above
the water. Put a little washing powder into the water. During the investigation and
test, add water in time when the water is dry, in order to kept the central lure 1-1.5
cm away from the water surface in the basin. The hand-made water basin bait traps
were hung on the outer canopy of peach and pear trees with fine wire, with a height
of 1.5 m, 4 in each orchard, and the interval of each trap was more than 20 m,
Checking and recording the number of G. molesta in the bowl every two days from
6 pm. to 7 pm. The core is replaced once a month. It begins in mid-to-late March
2021 and ends in late October 2021, and it does not end until the G. molesta is not
observed twice in a row. Recording the number, morphology and age of all G.
molesta in feromoncsapda, meanwhile the number and characteristics of affected
fruit trees were observed and recorded.

(3) Investigation of damage of G. molesta to peach tree shoots

The investigation was in Xinxiang Base of Henan Academy of Agricultural
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Sciences peach orchard from mid-April to the end of June 2021. Selecting the
representative peach orchard and recording the harm of peach tree shoots regularly.
The number of shoots surveyed in each peach orchard is generally not less than 50
trees, then calculated the percentage of damage. After investigation, cutting the
damage peach shoots and droughting back to the laboratory. The number and
development of the G. molesta larva were examined by peeling off the shoots.
Finally, compared the harm of the larva in different peach orchards.

2.2.4.2. Study on screening of five kinds of biopesticides for
control of G. molesta in peach orchard

(1) Experiment design

A total of 6 treatments groups were set up in the experiment, each treatment

was repeated 4 times. On each plot, except the control plots, 4 randomly arranged
peach tree saplings (10 years old) were planted in one row with four saplings per
row. Specific experimental design and pharmaceutical information were shown in
Table 3. Expect the different application measures, other management measures of

each group are consistent.

Table 3
Test drug information and treatment design
Treatment Name of the Dilution = Manufacturer Active ingredient Treatment
group drug ratio period
1 16 000 IU/mg 200 Jiangsu Dongbao 1x IOIOCfU/g 3.7 days
Bt Biochemical Co.,  (effective viable
LTD bacteria count)

2 60g/L 2000 Dow AgroSciences  Ethyl multicidin -] 4 hours

Spinetoram and ethyl

multicidin -L (3:1)
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240g/L 5000 Dow AgroSciences Methoxyfenozide 3-7 days

Methoxyfenozid
e
0.2% Celastrus 1000 Xinxiang Celastrus angulatus  5-7 days
angula}tus Dongfeng
MaXim Chemical Co., LTD
10 billion 10000 Shanxi Green Sea B . bassiana (The 3-7 days
spores pesticide final concentration is
Beauveria technology  Co., IxI0/ conidia/mL
bassiana LTD spore)
CK 0 0 0

Table 4

Test plot arrangement

Repetition plot arrangement
Repetition 1 6 52 43 1
Repetition 2 34615 2
Repetition 3 52431 6
Repetition 4 23156 4

The orientation of the test plot was upper west and lower east, and each plot had a single row of 4 peach trees

with an area of 80 m. The middle two strains were selected for investigation. Repeat four times for each agent tested.

(2) Experimental method

We used the sex attractant of G. molesta as an indicator of control. When the
predicted results reach the control index, control treatment will be carried out. In
the treatment area of the test, the amount of drug used in each area was calculated
according to the plot area and the dosage of the drug set in the test. Application
water of 3kg per plant, 1500kg/hm?. Mixed spray from low concentration to high
concentration in turn. The control area of blank test was sprayed with an equal
amount of water.

Description of the duration of efficacy of each agent:
1. 16 000 IU/mg Bt: Bacillus subtilis is a new type of biological pesticide

derived from microorganisms. It can not only control a variety of plant diseases,
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but also has a better insecticidal effect. Generally, the use of spraying 3-7 days can
get a preventive effect, and the efficacy period can last for a month.

2.6 0 g/ L Spinetoram: Ethyl polycidin is a macrolide insecticide developed
by Dow Company, which has the properties of contact and stomach toxicity, quick
action and long duration. The insecticidal speed of ethyl polycidin is fast, generally
a few minutes to a few hours or so can get control effect. The duration of ethyl
polycidin 1s longer, and it still has a good insecticidal effect after 10-14 days of
spraying.

3.2 4 0 g/ L Methoxyfenozide: Methoxyfenazide is the second generation
dihydrazide insect growth regulator, which has highly selective insecticidal activity
against Lepidoptera pests. The insecticidal action is slow but the efficacy period is
long, up to 15-20 days.

4. 0.2% Celastrus angulatus MaXim: Picrographe, is a plant source pesticide,
mainly with stomach toxicity to control pests, insecticidal effect is strong, the
duration of the drug is generally about 20 days, usually after 24 h of application,
insects will not harm crops, 5-7 days of significant effect, low toxicity to humans
and livestock, birds, aquatic organisms and beneficial biosafety, no harm to crops;
stable to light and resistant to pests.

5. 10 billion spores B. bassiana: B. bassiana is a broad-spectrum biological
insecticide that can control a variety of pests. Generally, after 3-7 days, it can get
control effect, and the efficacy of a long duration, up to 80 days of effect.

(3) Investigation method
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The direct investigation method was used as follows: Ten peach trees of each
pesticide treatment plot were selected to investigate. Each plant was selected from
five directions: east, west, south, north and middle five leaves on the upper
branches were investigated from each direction and the number of live insects in
leaves were recorded. Five control peach trees that had not been treated with water
were investigated at the corresponding time and in the community. Each plant was
selected from five east, west, south, north and middle locations. And the same
investigation method as treatment groups. The natural insect population reduction
rate was calculated to correct the corresponding insect population reduction rate.
The live insect count before application was investigated 1 day before application
on 15, July, 2021. The live insect numbers after treatment were investigated 1, 3, 7,
10 and 15 days, totally 6 times investigated. The difference of wormhole fruits rate
between each treatment and the control group was compared, and the control effect
of each biological pesticide on G. molesta was summarized.

Calculation method: Relative control effect (%) = (wormhole fruits rate of
control group- wormhole fruits rate of treatment group)/ wormhole fruits rate of
control group x100

(4) Calculation method of control effect

Relative control effect (%) = (wormhole fruits rate in control area- wormhole

fruits rate in treatment area)/ wormhole fruits rate in control area x100.
Conclusions to Chapter 2

Experiment 1 was conducted under laboratory conditions. Different
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concentrations of B. bassiana were used to infect G. molesta through different
infection modes. The corrected mortality was calculated by biostatistical analysis.
The experiment adopted the common method of calculating corrective mortality in
pharmacodynamic analysis.

Experiment 2 was molecular mechanism of the infection of B. bassiana,
analyzed comprehensively and comprehensively using transcriptome analysis
methods such as fluorescence quantification, gene analysis, gene silencing,
evolutionary tree analysis and nanoparticle mediation. The analysis method has
comprehensiveness, diversity and sufficiency.

Experiment 3 A five-point sampling method was used to investigate peach
orchards in different environments. The analysis method is reliable. At the same
time, the biodetermination methods of different biological pesticides are scientific

and diverse. Regression model, cluster analysis, factor analysis was used.
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CHAPTER 3
LABORATORY EVALUATION OF THE EFFECT OF
BEAUVERIA BASSIANA ON THE VITALACTIVITY OF G. MOLESTA
3.1. Morphology of larvae infected with Beauveria bassiana
Studies have shown that the insects of treatment groups infected by different
concentration of B. bassiana suspension, their body size decreased with the
increase of the concentration of B. bassiana solution after infected 4th days. On the
8th day of treatment with the conidial suspension of B. bassiana, the larvae of the
control group had pupated, and the treated groups with white mycelia covering the
body and continued to moisturize and culture, the insect body was covered with
white conidia.
3.2. Larval mortality infected by B. bassiana
(1) Infected through body wall
Larvae of G. molesta died fast when the spore concentration is 1 x 107
conidia/mL, and the corrected mortality for this was 65.7%. The corrected
mortality infected with 1 x 10° conidia/mL suspension B. bassiana was 44.9%,
which reached the maximum death rate on 7 days. And the lethal effect of these
two groups (1 x 10° conidia/mL and 1 x 107 conidia/mL) were significantly higher
than that of 1 x 10° conidia/mL B. bassiana concentration 11.7%.
Compared with the control group, the body weight of larvae treated with
1x10° conidia/mL decreased 24% and 21% at the fifth and pupa ages, the group

treated with 1x10° conidia/mL, body weight decreased 36% and 31% at the fifth
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and pupa ages, and the group treated with 1x107 conidia/mL body weight
decreased 75% and 74% at the fifth and pupa ages which was significantly lower

than that of the control group and the lower concentrations (Fig.3,4).
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Fig. 3. The Corrected mortality of cuticular infection on G. molesta

infected by different concentration of B. bassiana. The bars represent the mean = SD (n = 3).
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Fig. 4. Weight of cuticular infection on G. molesta infected by B. bassiana.

Data represent mean + SD, the same age, different concentrations according to ANOVA and Turkey
test method significance difference analysis, means followed by the same letter are not significantly different
(0=0.05).

(2). Infected by feeding
The results showed that the corrected mortality of B. bassiana was up to
22.7% when the concentration of conidia suspension was 1x107 conidia/mL, and
the corrected mortality of larvaec was less than 20% when the concentration was
reduced (7.6% and 16.7%). When the concentration of conidia suspension was
1x107 conidia/mL, the body weight is significant with others. And there was no
significant difference in body weight between different instars and control group,

when the concentration of conidia suspension was 1x10° conidia/mL and 1x10°

conidia/mL (Fig. 5-6).
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Fig. 5. The Corrected mortality of digestive tract infection on G. molesta

infected by different concentration of B. bassiana. The bars represent the mean = SD (n = 3).
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Fig. 6. Weight of digestive tract infection on G. molesta infected by B.

bassiana.

Data represent mean + SD, the same age, different concentrations according to ANOVA and Turkey

test method significance difference analysis, means followed by the same letter are not significantly different
(0=0.05).
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Conclusion and Discussion. The entomopathogenic fungus B. bassiana is well
known as a potential alternative to chemical pesticides for control of insect pests
and is commercially available for such purpose in numerous countries worldwide
(Glare et al, 2008; Sevim et al, 2010; Glare & Inwood, 2014; Saranac &
Jayaprakash, 2017). Compared with bacterial and viral insecticides, fungal
insecticides have stronger spreading ability and wider control spectrum due to its
unique way of infecting insect body walls. In this study, when the concentration is
1x107 conidia/mL, the mortality of cuticular infection on G. molesta infected by B.
bassiana 1s significantly higher than that of digestive tract infection. Previous
research reports that other larvae of Lepidopteran also have this similar
phenomenon. In Plutella xylostella, the correct mortality of cuticular infection by B.
bassiana Bb02 (1x107 conidia/mL) is 73.79%, while that of digestive tract
infection 1s 33.79% (Lei et al., 2010). However, sometimes, for the same insect,
due to the different concentration and host strain type, the results will be
significantly different. In Plutella xylostella, the corrected mortality of digestive
tract infection was 80.5%, infected by B. bassiana GDS at concentration of 1x10%
conidia/mL (Yan et al., 2013), while the corrected mortality is 92.4% when
infected by cuticular through B. bassiana MZ041016 at concentration of 2.3x108
conidia/mL (Yuan et al., 2007). In Helicoverpa armigera, B. bassiana HFW-05
was successfully infected by the digestive tract (feeding method), and the corrected
mortality rate was 75.8% after infected 6 days. The body weight and food intake of

the insects infected by B. bassiana HFW-05 through the cuticle surface were
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similar to those of the control group (the corrected mortality rate of 6 days was
only 17.3%, and the pathogenic effect could not be achieved through the cuticle
surface (Cao et al., 2011). However, Yu et al (2020) reports that in Helicoverpa
armigera, after tenth day infected by B. bassiana at concentration of 1.5x10%
conidia/mL, the corrected mortality of cuticular infection was 63%, and that of
digestive tract infection was only 38% (Yu et al., 2020). It is generally believed
that the host relationship between B. bassiana and its hosts is established mainly
through the germination of conidia on the insect body surface, producing bud tubes
and forming appressorium to penetrate the host body wall, and then invading the
host body for reproduction (Cao et al., 2013; Holder & Keyhani, 2015). However,
the hyphomycetes of B. bassiana can also entry through the digestive tract, conidia
enter the digestive tract with food, germinate in the digestive tract, grow into
mycelia, and then invade and expand into the body cavity through the intestinal
wall cells (Ferron, 1978; Huang et al., 2002; Lei et al., 2010). Thus, it is of great
significance to better understand its infection mode and to achieve better control
effect. Until now, only a few entomopathogenic fungus have been studied to
determine its effects on G. molesta. And, there was no reports on the infection
mode of G. molesta and B. bassiana.

In this study, G. molesta infected by B. bassiana through cuticular infection
had higher corrected mortality and better weight inhibition than that of digestive
tract infection. These results provide reliable theoretical support for the

development and production of fungal preparations for the control of G. molesta.
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Meanwhile, B. bassiana at concentration of 1x107 conidia/mL may have potential
to be used as control measure against G. molesta in fruit orchards, but the field
experiment needs further verification. Moreover, B. bassiana is also affected by
many other environmental factors, and it need to be further researched on how to
improve its control effect on G. molesta in the future.

3.3. Transcriptome analysis of G. molesta larvae 24h after infected
by Beauveria bassiana

3.3.1. Construction of DEG library and unigenes assembly

A total number of 21,330,962 and 22,293,716 raw reads were generated from
the samples of control and treated groups respectively. Raw sequence reads have
been submitted to NCBI Sequence Read Archive (Bioproject PRINA759425). A
total number of 20,806,484 and 21,633,702 clean reads were obtained respectively
for the control and treatment groups. The control and treated groups contained
6,240,000,000 and 6,490,000,000 nucleotides, respectively. Based on the high-
quality reads, we finally obtained 115,416 transcripts with an average length of
11,484 bp and 48,980 unigenes with an average length of 1,226 bp. The size
distribution indicated that the lengths of most unigenes concentrated in 300-500 bp

followed by those 501-1000 bp and the longer genes.
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Fig. 6. Length distribution of G. molesta unigenes. Histogram presentation of

sequence-length distribution for significant matches that was found. The x-axis indicates sequence sizes from
300 nt to >2000 nt. The y-axis indicates the number of uingenes for every given size. The proportion of
sequences with matches (with a cut-off E-value of 1.0E-5) in NCBI Nr databases is greater among the longer

assembled sequences.

Table 5

Summary of control and treatment transcriptomes
Summary Control? Parasitized® All°
Total number of raw reads 21330962 22293716 -
Total number of clean reads 20806484 21633702 -
Total number of clean 6240000000 6490000000 -
nucleotides 299.9 300 -
Average length of clean reads - - 115416

(bp) - - 1484bp
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Summary Control? Parasitized" All°

Total number of transcripts - - 2380bp
Mean length of transcripts - - 607bp
N50 of transcripts - - 48980
N90 of transcripts - - 1226bp
Total number of unigenes - - 2031bp
Mean length of unigenes - - 478bp
N50 of unigenes 98.27% 98.43% -

N90 of unigenes 0.02% 0.02% -

Q20 percentage

Error rate

2 The results were average of samples Control groups (C-1, C-2, C-3).
b The results were average of samples Treatment groups (T-1, T-2, T-3)
¢ The results of mixed assembled clean reads from Control groups and Treatment groups (C-1, C-2, C-3 and T-1, T-2,

T-3)

3.3.2. Annotation and functional classification

All unigenes were annotated by using BLASTX against the six main
databases with a cut-off E-value of 10-5, including NCBI Nr, NT, KO, Swiss-Prot,
GO and KOG. Using this approach, 48,980 unigenes returned an above cut-off
BLAST result (Table 6). The E-value distribution of the top hits in the Nr database
ranged from 0 to 1.0E-100, approximately 35.3% of the mapped sequences ranged
smaller than 1.0E-60, showing a strong homolog (Fig. 7A). The similarity
distribution of the top BLAST hits for each sequence ranged from 18% to 100%,
and most of the mapped sequences having a similarity higher than 45% (Fig. 7B).
For species distribution, it has top matches (first hit) trained with sequences of
Ostrinia furnacalis (11.1 %), Papilio Xuthus (8.6 %) and Helicoverpa armigera

(7.0 %), Chilo suppressalis (6.5 %), and Hyposmocoma Kahamano (6.4 %) (Fig. 7)
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Fig. 7. Characteristics of homology search of Illumina sequences against

the Nr database. (A) E-value distribution of BLAST hits for each unique sequence with a cut-off E-value

of 1.0E-5. (B) Similarity distribution of the top BLAST hits for each sequence. (C) Species distribution is
shown as a percentage of the top 10 homologous sequences with an E-value of at least 1.0E-5. We used the
first hit of each sequence for analysis.

Table 6
Summary for the G. molesta transcriptome date. (Annotation of Unigene in Nr, NT,

Swiss-Prot, PFAM, KOG, and KO databases).

Database Number of Unigenes Percentage (%)
Annotated in Nr 17,719 36.17
Annotated in NT 12,083 24.66
Annotated in KO 7725 15.77
Annotated in Swiss-Prot 11,739 23.96
Annotated in PFAM 14,038 28.66
Annotated in GO 14,038 28.66
Annotated in KOG 6,789 13.86
Annotated in all Databases 3,093 6.31
Annotated in at least one 23,825 48.64
Database

Total Unigenes 48,980 100

3.3.3. Functional classification by GO, KOG and KEGG
GO assignments were used to classify the functions of the predicted G.

molesta genes. Based on sequence homology, 48,980 sequences can be categorized
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into 40 GO terms, including 23 biological processes, 5 cellular components and 12
molecular functions. In each of the three main categories (biological process,
cellular component and molecular function) of the GO classification, the terms
‘cell process’, °‘cellular anatomical entity’ and ‘binding’ were prominently
represented (Fig. 8).

The euKaryotic Orthologous Groups (KOG) is a database where the
orthologous gene products were classified. To further evaluate the effectiveness of
our annotation process, we searched the annotated sequences for the genes
involved in KOG classifications. In 17,719 Nr hits, 6,789 sequences have a KOG

classification (Figure 8).

Gene Function Classification (GO)
Blological Process | |_ Cellular Component II Molecular Funchion I

|II-- ‘II---_
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j § FFLAFL 3 P
4 ¥ & & x 5 ¥ ¥ ¥
J
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Fig. 8. Histogram presentation of Gene Ontology classification based on

Number of genes

GO Term

level two. The results are summarized in three main categories: biological process,
cellular component and molecular function. The y-axis indicates the number of

genes in a category.
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Among the 25 KOG function categories, the cluster for General Functional
Prediction only (1,108, 16.3%) represented the largest group, followed by Signal
Transduction (827, 12.2%), defense mechanisms (45, 6.62%), nuclear structure (28,

4.12%), and with cell motility (13, 0.19%) as the smallest groups (Fig. 9).

KOG Function Classification
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Fig. 9. Histogram presentation of euKaryotic Orthologous Groups (KOG)
classification. There are totally 6,789 sequences have a KOG classification among

the 25 categories.

Note:[A] RNA processing and modification; [B] Chromatin structure and dynamics; [C] Energy production and
conversion; [D] Cell cycle control, cell division, chromosome partitioning; [E] Amino acid transport and metabolism; [F]
Nucleotide transport and metabolism; [G] Carbohydrate transport and metabolism; [H] Coenzyme transport and metabolism; [I]
Lipid transport and metabolism;[J] Translation, ribosomal structure and biogenesis; [K] Transcription; [L] Replication,
recombination and repair; [M] Cell wall/membrane/envelope biogenesis; [N] Cell motility; [O] Posttranslational modification,
protein turnover, chaperones; [P] Inorganic ion transport and metabolism; [Q] Secondary metabolites biosynthesis, transport and
catabolism; [R] General function prediction only; [S] Function unknown; [T] Signal transduction mechanisms; [U] Intracellular

trafficking, secretion, and vesicular transport; [V] Defense mechanisms; [W] Extracellular structures; [Y] Nuclear structure; [Z]



82

Cytoskeleton

The Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway database
records the networks of molecular interactions in the cells, and their variants
specific to particular organisms (Kanehisa et al., 2004). To identify the biological
pathways that are active in the G. molesta, we mapped the 5,037 annotated
unigenes to the reference canonical pathways in the KEGG database. The
pathways most represented by unique sequences included signal transduction (967
genes), transport and catabolism (605 genes), endocrine system (493 genes),
folding, sorting and degradation (477 genes), immune system (348 genes), lipid

metabolism (361 genes) and cell growth and death (313 genes) (Fig. 10).

KEGG Classification
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Fig. 10. Histogram presentation of the kyoto encyclopedia of genes and

genomes (KEGGQG) classification. There are totally 5,037 sequences have a KEGG
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classification. The y-axis indicates the name of KEGG pathway. The x-axis

indicates the percent of uingenes for every given size.

Note: [A] Cellular Processes; [B] Environmental Information Processing; [C] Genetic Information
Processing; [D] Metabolism; [E] Organismal Systems.

3.3.4. Identified of DEGs related to immune response and qRT-

PCR Validation
To gain detailed information about the transcriptional changes in G. molesta
larvae infected with B. bassiana, the non-infected and B. bassiana-infected
libraires were compared and differentially expressed genes (DEGs) were identified.
Totally, 1,755 DEGs were obtained, with 965 up-regulated and 790 down-regulated
genes. The fold change (log2 ratio) of the gene expression ranged from -14.224 to
10.718. We focused on the up-regulated genes in G. molesta infected by B.
bassiana, and with a special emphasis on the immune response related genes,
which were up-regulated within seven folds (log2 ratio) (Table 5). Totally, 14 gene
related to immune response of G. molesta induced by B. bassiana were selected
and quantified by gqRT-PCR method, and 10 genes were significantly up-regulated
(P<0.05) (Fig. 11). These results showed the concordant changes with the
transcriptome data. The immune-related gene that selected were PGRP-SCI1
(peptidoglycan recognition protein), B-GRP-3 (B-1,3-glucan recognition gene),
SRCB (scavenger receptor gene), Serine, Serpin, Toll, P450, PLA2 (phospholipase
A), CarE (Carboxylesterase), CPB (carboxypeptidase B), and DPP4 (dipeptidyl

peptidase 4) (Table 9).
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Fig. 11. Verification of differentially expressed genes by gRT-RC. G.

molesta. EF-1a was used as an internal standard to normalize the templates. The bars represent the mean 6

S.D. (n=3). Asterisks indicate means that are significantly different from the control (unpaired t test, * means
P<0.05, ** means P<0.01, *** means P<0.001). Lack of asterisk indicates the difference is not significant

(unpaired t test, P>0.05).

Table 9

Parts of the putative immune-related unigenes identified in G. molesta

Designated Unigene ID Nucleotide Fold P value Identity
name length(nt) change to best hit
(%)
PGRP-SC1 CL7985.11379 707° 0.15908 0.018041 78.76
B-GRP-3 CL7985.16243 1691° 0.26806 0.026752 82.10
SRCB CL7985.21037  4275° 1.1614 0.040743 69.17
PLA2 CL7985.1282 1914° 1.224 0.00094056  73.28
Serine 1 CL10639.0 1075° 6.6868 0.0001522 61.34
Serine 2 CL7985.295 876° 2.9299 0.040407 62.5
Serine 3 CL7985.22014 1466° 3.1805 0.024143 64.36
P450-1 CL9817.0 1772° 3.3163 0.029803 63.08

Continued from Table 9
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P450-2 CL7985.1289 1629° 3.8859 0.0026496 61.17
CPB CL7985.10992 1426° 1.8735 0.045841 62.62
DPP CL7985.25031 3152° 1.8683 0.038989 66.7
TOLL CL8824.0 3905° 0.43007 0.031052 57.45
Serpin CL7985.13346 3202° 0.18546 0.044137 80.09
P450-4 CL7985.8575 512° 3.841 0.049999 77.87
Toll receptor-6 CL7985.8742 4132 2.5241 0.047125 37.04
P450-5 CL7985.4244 1681° 2.0653 0.046794 68.30
Serine easter- CL7985.15956 1748° 1.9373 0.07063 50.28
like CL7985.5291 1052¢ 3.0457 0.0009221 48.35
CarE
P450-3 CL7985.25130  2298° 1.9026 0.033423 73.57

4 The sequence was not completed.

b The sequence was completed, the result is the length of the coding area.

3.3.5. Enrichment analysis of GO function and KEGG pathway of

DEGs

In order to further reveal the functions of DEGs, GO annotation was
conducted. Totally, 1,755 DEGs were enriched in 1,965 GO terms, among which
107 GO terms were significantly enriched (P<0.05), including 62 Biological
processes, 7 Cellular components and 38 Molecular functions. In biological
processes, most DEGs were enriched in Oxidation-reduction process
(GO:0055114), carbohydrate metabolic process (GO:0005975), DNA integration
(GO:0015074), response to external biotic stimulus (GO:0043207), and defense
response (GO:0006952) (Table 10). These results indicated the G. molesta has

changed its physiological and biochemical state as defense responses against B.

bassiana.
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Parts of GO terms which enriched in biological

Table 10

GO term GO ID Total GEGs P-value
genes

sensory organ development GO:0007423 15 6 0.0000149

Oxidation-reduction process GO:0055114 1002 61 0.000000236

regulation of multi-organism process GO:0043900 25 6 0.00040666

regulation of conjugation GO:0046999 25 6 0.00040666

carbohydrate metabolic process GO:0005975 453 33 0.00049172

G-protein coupled receptor signaling GO:0007186 323 21 0.0010606

pathway GO:0015074 263 20 0.0024607

DNA integration

Response to external biotic stimulus GO:0043207 193 14 0.01916

Negative regulation of immune system GO:0002683 3 1 0.011779

process

Immune effector process GO:0002376 132 7 0.026031

Immune response GO:0006955 91 4 0.048517

Negative regulation of T cell activation GO:0050868 3 1 0.011779

T cell activation G0O:0042110 4 1 0.02668

Defense response GO:0006952 210 14 0.0349

Toll signaling pathway GO:0008063 3 1 0.01838

Lastly, we also conducted KEGG pathway analysis for the DEGs. The result

showed that 1,755 DEGs were enriched in 15 KEGG pathway (P< 0.05), and most
of the DEGs were enriched in protein processing in endoplasmic reticulum
(ko04141), insect hormone biosynthesis (ko00981), antigen processing and
presentation (ko04612), vitamin digestion and absorption (ko04977), ascorbate and

aldarate metabolism (ko00053) (Table 11), these pathways are always related in the
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energy metabolism and immunity.

Table 11
Parts of enriched pathways in KEGG
Pathway  Description DEGs  Total P-value
ID genes
ko04141 Protein processing in endoplasmic 16 165 2.11E-05
reticulum
ko00981 Insect hormone biosynthesis 5 22 0.00058866
ko04612  Antigen processing and presentation 5 31 0.002268852
ko04977  Vitamin digestion and absorption 3 12 0.006326743
ko00053  Ascorbate and aldarate metabolism 5 41 0.006674414
ko00040 Pentose and glucuronate 6 66 0.011088359
interconversions
ko04146 Peroxisome 8 118 0.017320985
ko00260  Glycine, serine and threonine 4 36 0.019817494
metabolism
ko00500  Starch and sucrose metabolism 5 61 0.028616039
ko05134 Legionellosis 4 41 0.029215551
ko00511  Other glycan degradation 3 25 0.035529692
ko00983  Drug metabolism - other enzymes 5 66 0.037580557

Lastly, we also conducted KEGG pathway analysis or the DEGs. The result

showed that 1,755 DEGs were enriched in 15 KEGG pathway (P< 0.05), and most

of the DEGs were enriched in protein processing in endoplasmic reticulum

(ko04141), insect hormone biosynthesis (ko00981), antigen processing and

presentation (ko04612), vitamin digestion and absorption (ko04977), ascorbate and



88

aldarate metabolism (ko00053) (Table 12), these pathways are always related in

the energy metabolism and immunity.

Table 12
Parts of enriched pathways in KEGG
Pathway  Description DEGs Total P-value
ID genes
ko04141 Protein processing in endoplasmic 16 165 2.11E-05
reticulum
ko00981 Insect hormone biosynthesis 5 22 0.00058866
ko04612  Antigen processing and presentation 5 31 0.002268852
ko04977  Vitamin digestion and absorption 3 12 0.006326743
ko00053  Ascorbate and aldarate metabolism 5 41 0.006674414
ko00040 Pentose and glucuronate 6 66 0.011088359
interconversions
ko04146  Peroxisome 8 118 0.017320985
ko00260  Glycine, serine and threonine 4 36 0.019817494
metabolism
ko00500  Starch and sucrose metabolism 5 61 0.028616039
ko05134 Legionellosis 4 41 0.029215551
ko00511  Other glycan degradation 3 25 0.035529692
ko00983  Drug metabolism - other enzymes 5 66 0.037580557

B. bassiana 1s a promising entomopathogenic fungus for G. molesta control,
and also as a model organism can be used to study the mechanism of interaction
with insects and entomopathogenic fungal (Lewis et al., 2001; Wanchoo et al.,
2009). Fungal infection is a complex process that involved several factors as well

as the activation of immune responses of insects to combat infection (Gillespie et
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al., 2000). The transcriptional analysis of B. bassiana-infected G. molesta larvae
helps better understand the G. molesta immune responsive mechanism to fungal
infection and has also revealed and identified several candidate immune-related
genes in G. molesta.

Insects depend on an efficient innate immune system to fight against fungal
infection (Gillespie et al.,1997; Gillespie et al., 2000). PGRP, B-GRPs and SRCB
belong to the PRPs (pattern recognition receptor) which are the innate immune
sensors in insects and serve as the first line of defense against the infection of
entomopathogenic fungi (Wang et al., 2011; Keehnen et al., 2017). Insect immune
responsive is activated depended on a various of PRRs that trigger the Toll, IMD
and JAK/STAT signal pathways (Kim et al., 2020). It is reported that in Aedes and
Drosophila, the Toll pathways are activated when infected by entomopathogenic
fungi, and also lead to the expression of various of anti-microbial peptide
(Lemaitre et al., 1996; Xi et al., 2008). However, none of the anti-microbial
peptide genes family was significantly up-regulated in this study. It is not clear
whether this was due to the immune specificity of G. molesta to B. bassiana, or the
failure to induce the expression of these genes at the appropriate time, this needs to
be further studied. The Toll pathways in insects play important roles in immunity
response against fungal infection and involved complex proteins interactions. The
serine protease and serpin are considered as the modulator of the Toll pathway and

have been reported in Aedes aegypti, Tenebrio molitor, and Manduca sexta

(Lemaitre et al., 2007; Barillasmury et al., 2007; An et al., 2009; Zou et al., 2010).
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We observe three serine proteases were up-regulated as shown in the DEGs result,
however, one of them was not significantly different in qRT-PCR results. This may
due to the specificity of different serine genes. The PLA2 was also involved in the
activation of the Toll pathway (Liu & Yuan, 2018), however, there was no report
about it in the interaction between insect and entomopathogenic fungi. Therefore,
more work is need to clarify the role of PLA2 in insects against fungal infection.

P450 family genes are the important detoxification enzymes involved in
insect resistance that have been reported to be up-regulated in response to infection
by B. bassiana in Bombyx mori (Hou et al., 2004; Zhang et al., 2018). these reports
are consistent with our findings that three P450 genes are up-regulated in G.
molesta upon infection with B. bassiana. Besides P450s, CarE is also the
detoxification enzymes in insects, however, it was associated with resistance for
carbamate and pyrethroid in several insects (Wheelock et al., 2005). There is no
report that CarE is related to the immunity of fungal infection. In this study, CarE
1s up-regulated in G. molesta infected with B. bassiana that was not consistent with
the QRT-PCR results. Generally, the qRT-PCR results are considered more accurate,
so we suppose that this may be caused by insect specificity or differences in
enzyme activity.

In addition, CPB and DPP4 were also up-regulated in G. molesta infected by
B. bassiana. The CPB gene of Scylla paramamosain can participate in the immune
response of Vibrio alginolyticus by affecting cell phagocytosis, cell apoptosis and

total number of blood cells (Qian & Zhu, 2019). The study of DPP4 gene always
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focuses on application of disease diagnose in mammals and humans (Piao, et al.,
2021). However, these two genes were rarely reported in insects. We supposed that
the results may cause by the wrong annotation under the condition of lacking
reference genome analysis.

In summary, we have firstly sequences and characterized the transcriptome
from non-injected and B. bassiana-infected G. molesta larvae, which made a
significant contribution for better understanding the interactions between G.
molesta and B. bassiana. In addition, it provides the comprehensive sequence
resources of the immune-related genes of G. molesta larvae, presenting valuable
information for deeply understanding the macular mechanism of innate immunity
process in G. molesta against B bassiana. Such knowledge can be very helpful for
exploring target genes involved in the response to B. bassiana, and improving

efficiency of B. bassiana in the management of G. molesta.

Conclusions to Chapter 3
1. G. molesta infected by B. bassiana through cuticular infection had higher
corrected mortality and better weight inhibition than that of digestive tract
infection. Meanwhile, B. bassiana at concentration of 1x107 conidia/mL may have
potential to be used as control measure against G. molesta in fruit orchards.
2. The second-generation high-throughput transcriptome sequencing
technology were used, the transcriptomic profile of G. molesta larva infected by B.

bassiana after 24 h were analyzed, the differentially expressed genes (DEGs) were
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screened and annotated. Totally, 1,755 DEGs were obtained, with 965 up-regulated
and 790 down-regulated genes. We focused on the up-regulated genes in G.
molesta infected by B. bassiana, and 14 genes related to immune response of G.
molesta induced by B. bassiana were selected and quantified by qRT-PCR method,
and 10 genes were significantly up-regulated. These results indicated the G.
molesta has changed its physiological and biochemical state as defense responses

against B. bassiana.
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CHAPTER 4

CHARACTERIZATION AND FUNCTIONAL ANALYSIS OF GENE:
GMPGRP; GMBGRP; GMSERPIN-2 AND GMSERPIN-3
4.1. Structure analysis and phylogenetic analysis of GmPGRP
The complete sequence of GmPGRP-SC gene was obtained by analyzing the
data of the transcriptome data in our laboratory (Cao et al.,2021). And it has been
submitted to NBCI GenBank, the GenBank accession number is MW773839
(Appendix B). The results showed that the full length of the GmPGRP-SC cDNA
Sequence is 707 bp, the length of the open reading frame (ORF) is 621bp, and it
encoded 206 amino acid residues. The predicted signal peptide is located between
1 ~ 33 amino acids, the transmembrane region is between 7~26 amino acids. The
molecular weight is predicted to 22.75 KD. Total number of negatively charged
residues (Asp + Glu) is 15 and total number of positively charged residues (Arg +
Lys) i1s 21. The instability index (II) is computed to be 26.60, and this classifies the
protein as stable. The theoretical pl (isoelectric point) is 9.19. The Grand average
of hydropathicity (GRAVY) is -0.1. The domain structure was analyzed by
SMART software online, the result showed that the PGRP domain structure is
located between 35 ~ 177 amino acids (Fig. 12). Blast search results showed that
the amino acid sequence of GmPGRP-SC was highly consistent with that of other
insects. These features indicated GmPGRP-SC belong to the PGRP-S family.

The amino sequences of GmPGRP-SC protein and other 16 species PGRPs of
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insects, including Bombyx mori PGRP-S and Plutella xylostella PGRP-SC2
multilinked by BLASTX search. The results showed that the amino acid sequence
of GmPGRP-SC and that of Leguminivora glycinivorella PGRP-SC had the highest
consistency more than 93 %, and with that of Papilio machaon PGRP, Papilio

xuthus PGRP, Papilio xuthus

1 ARTATATGAACTTCGATSTTCGCEGTACCGGGCCTEGACTGGACTTTGTTGTTITARTTTATTAG
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Fig. 12 The cDNA and encoding amino acid sequence of the GmPGRP-SC.

The underlined signal indicates the signal peptide sequence; the double underline indicates the PGRP
domain, and the start and stop codon are indicated in the boxes. PGRP-SA are more than 79 %, furthermore

the consistency with other 12 insects are more than 50 % (Fig. 13).

An evolutionary phylogenetic tree was constructed with the amino acid
sequences of the remaining 16 insect species. The results showed that when it has
closer the genetic relationship, the homology with the GmPGRP-SC amino acid
sequence is higher. For example, the L. glycinivorella PGRP-SC form a branch
with highest homology, and the confidence coefficient is 100. Meanwhile the
amino acid homology of GmPGRP-SC with insects such as Glleria mellonella

PGRP-SC2 and D. melanogaster PGRP-SC1A are very low, and the genetic
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relationship is relatively distant, which form to different branches (Fig. 14).
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Fig. 13 Multiple sequence alignment of GmPGRP-SC with the homologs of

other insects based on amino acid sequence. The PGRP and correspond GenBank accession numbers are as

follows. Bombyx mandarina PGRP: XP_028043866.1; Bombyx mori PGRP: NP_001036836.1; Drosophila melanogaster PGRP-SC1A:
CADB89163.1; Glleria mellonella PGRP-SC2: XP_026759339.1; Helicoverpa armigera PGRP-A: AHK59818.1; Leguminivora glycinivorella
PGRP-SC1 AXS59124.1; Manduca sexta PGRP-1A: AAO21509.1; Operophtera brumata PGRP-SA: KOB63145.1; Ostrinia furnacalis PGRP:
ABZ81267.1; Papilio machaon PGRP: KPJ06010.1; Papilio xuthus PGRP: XP_013170473.1; Papilio xuthus PGRP-SA: BAM19609.1; Plutella
xylostella PGRP-1R: QCS60952.1; Plutella xylostella PGRP-S2: AUI41055.1; Samia ricini PGRP-A: BAF03522.1; Trichoplusia ni PGRP:
XP_026737257.1. Amino acids with 100% identity are in black box, those with 75% in gray box and with 50% in white box.
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66 Papilio xuthus PGRP-SA
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100! Bombyx mandarina PGRP
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Drosophila melanogaster PGRP-SC1A

Fig. 14. Phylogenic tree based on amino acid sequence of the PGRP from
G. molesta and other insects. Scale bar indicates the genetic distance, the numbers
on the branches means confidence coefficient.

4.1.2. Developmental stage and tissue expression patterns of
GmPGRP

To characterize the function of GmPGRP-SC, we first analyzed its
expression pattern. Samples of G. molesta at different developmental stages were
taken, and Ef-/a was used as the housekeeping gene. The relative expression of
GmPGRP-SC gene in different developmental stages of G. molesta was compared.
The real-time PCR result showed that, the GmPGRP-SC gene in different
developmental stages of G. molesta was all expressed, but with different levels of

expression. Its expression level was higher at pupa stage of G. molesta about 8
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times than fifth instars larvae, then in the adult, the relative expression was low,

nearly the same as the fifth instars larvae (Fig.15).
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Fig. 15. The relative expression level of GmPGRP-SC gene. Data in the figure

are mean + SD.

Different tissues from the larvae of the fifth instar at the second day were
taken, and Ef-/a was used as the reference gene, the relative expression of
GmPGRP-SC gene in different tissues of G. molesta was compared. The
result showed that the relative expression of GmPGRP-SC gene in different
tissues of larvae was significantly different, with the highest expression in
epithelium and hemocyte, that were about 10 times of that in other tissues,
and in fat body it is barely expressed, however, the expression levels of

GmPGRP-SC gene in other tissues with little difference. (Fig.16).
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Fig. 16. The relative expression level of GmPGRP-SC gene in different tissues of
the larva of G. molesta. Data in the figure are mean + SD .
4.1.3. The effect of the expression level of GmPGRP-SC in G. molesta after
infected by B. bassiana
In order to analyses expression changes after immune stimulations, we
performed real-time PCR to analyses the transcript level reduced by different
treatment of B. bassiana. The result showed that the infection of B. bassiana can
induced expression of the GmPGRP-SC gene, this is consistent with the results that
PGRPs involved in the immune function. The effect on the expression of
GmPGRP-SC gene is different when the spore concentration and infected times of
B. bassiana are different. When B. bassiana is 10° conidia/mL, after 48h of
infection, the expression of GmPGRP-SC gene was significance between the CK
group and Treatment group. But when 24h and 96h after infected without
significant difference (Fig. 17). The B. bassiana is 107 conidia/mL, after 24 h and
48 h, the expression of GmPGRP-SC gene was significance between the CK group

and Treatment group. While when the B. bassiana is 10° conidia/mL, there was no
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significant difference between the treatment group and the control group, and the

expression of GmPGRP-SC gene was slightly down-regulated (Fig. 18-19).

mC

*
H %
*
=

B Treat

O B N W b 01 OO N O O

ALY

:-%.i

24 h 48 h 72
Treated times

I\

Fig. 17. The relative expression level of GmPGRP-SC gene of different time by in

treated with 105 conidia/mL spore suspension of B. bassiana. pata in the figure are mean = SD.

The asterisks above bars indicate significance between the treatment and the CK determined by the student ’s t-test, respectively. The same for the

following figures.
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Fig. 18. The relative expression level of GmPGRP-SC gene of different

time by in treated with 107 conidia/mL spore suspension of B. bassiana. Data in the

figure are mean + SD.
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Fig. 19. The relative expression level of GmPGRP-SC gene of different

time by in treated with 10° conidia/mL spore suspension of B. bassiana. Data in the
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figure are mean + SD.

4.1.4. Effect of siRNA interference of GmPGRP gene

The result shows that when siRNA of GmPGRP gene was injected into
the fifth instar larva, GmPGRP gene could be effectively silenced at 24h, 48h
and 72h, and the silencing efficiency was 87%, 69% and 22%. Meanwhile the
results shows that silencing efficiency is the highest after treated 24 hours
(Fig. 20). At the same time, we conducted another group of experiments.
After 24h of interference of GmPGRP gene with siRNA1, both the treatment
group and the control group were infected with B. bassiana (1 x 107
conidia/mL). The mortality of the treatment group and the control group was
analyzed. There was no significant difference in the corrected morality of

siRNA1 treatment group (73.23%) and control group (65.90%) (Fig. 21).
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Fig. 20. Effect of RNA interference on relative expression level of

GmPGRP-SC gene (The tested insects were collected for RNA isolation at 24h, 48h and 72h after

siRNA injection, and then the gene silencing efficiency was detected by RT-qPCR.)
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Fig. 21. The corrected mortality of G. molesta infected by 1 x 107 conidia/mL of B.

bassiana (The insects were injected at 24h after injection of gene-specific siRNA, and the corrected

mortality were calculated within 7d. The group injected with the same amount of Negative CK was used as the
negative control. The significance of difference between the treatment group and the control group was
determined via the student ’s t-test (*P < 0. 05;**P<0.01; *** P<0.001) .

In addition, we observed that the pupation time of G. molesta was prolonged
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after interference treatment, which might be due to the need for more time to
accumulation of the gene component after knocked down of GmPGRP-SC gene.
The mortality rate of larvae treated with B. bassiana was higher than that of the
group without interference of GmPGRP-SC gene, but without was significant
difference.

Members of the PGRPs family, including insects and mammals, are highly
conserved. There is a PGRP domain composed of about 165 amino acids at the C-
terminal, which plays a crucial role in the recognition of exogenous substances.
Different PGRP domains may be the mechanism for distinguishing and identifying
different kinds of microorganisms (Blanco et al., 2008). The results of GmPGRP-
SC gene in our study are consist with this. The amino acid sequence prediction
results showed that GmPGRP-SC has a conserved domain structure, this structure
also funded in Helicoverpa armigera, Manduca sexta and Tribolium castaneum etc.
(Gottar et al., 2002). We explored the evolution and conservation of GmPGRP-SC
with other insects. ~ The phylogenetic tree shows that GmPGRP-SC has high
homology and close genetic relationship with L. glycinivorella. Except when the
data is missing, the PGRP sequences reasonably generalize the tree of hypothetical
species in each gene family (Wiegmann et al., 2011).

The report about the Musca domestica and Drosophila melanogaster has the
similar result with the gene MdPGRP-SC, it was speculated that this gene may play
an important role in the pupal stage (Werner, 2000; Gao, 2013). But Bd PGRP-SB1

was highly expressed in 3rd larvae and adults of Bactrocera dorsalis (Zhang et al.,
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2020). All these three are belong to Diptera, and the developmental expression
pattern of PGRP gene in Lepidoptera has been reported in Antherea pernyi, but
without significant change (Liu W, 2019). And in other insects of Lepidoptera,
there 1s no more report, whether it is related to the developmental regulation and
immunity, it needs to be further studied. The expression level of GmPGRP-SC was
greatest in the pupal stage and in epidermis and hemocyte. But in Antherea pernyi
the ApPGRP-A, ApPGRP-B, ApPGRP-C have no significant change. Epidermis
and hemocyte were related to its immune response, so in these tissues were highly
expressed. The result is consisting with that of Antheraea pernyi, and the
ApPGRP-C gene was expressed in immune-related groups, such as hemolymph
and epidermal (Liu W, 2019). In Bombyx mori, BmPGRP-S4 is highly expressed
mainly in hemolymph, which may be involved in the systemic immune response of
Bombyx mori, depending on hemolymph circulation (Yang et al., 2017).

And further on determining whether exogenous pathogens can affect the
expression of GmPGRP-SC gene, the fifth instar larvae of G. molesta were injected
with B. bassiana, and the expression of GmPGRP-SC gene at different times was
analyzed after the infected with different concentrations of B. bassiana. The real
time-PCR results showed that the expression of GmPGRP-SC gene was up-
regulated in different times after infected with 1x10° conidia/mL and
1x107conidia/mL of B. bassiana. And 1x10° conidia/mL may inhibit the normal
development of G. molesta. These are consistent with the results of our study, but

the function of GmPGRP-SC gene in the immune signaling pathway needs to be
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further studied, which will do of great significance for the study of the interaction
between B. bassiana and G. molesta. In Ostrinia furnacalis, member of PGRP
genes is up-regulated when infected by B. bassiana with 2 X 10° conidia/uL (Liu et
al., 2014). The MxPGRP-1 in Manduca sexta was up-regulate after infected by
Escherichia coli (Sumathipala & Jiang, 2010). In Drosophila, the expression of
DmPGRP-LB, DmPGRP-SA, DmPGRP-SB1, DmPGRP-SC2 and DmPGRP-SD
were strongly up-regulated by Bacillus subtilis and purified peptidoglycan (Werner
et al., 2000). The Mortality became higher as concentration increase when the G.
molesta was infected with different concentration of B. bassiana ARP14 (Sarker et
al., 2020). In this study, we also observed that when infected with 1x10°
conidia/mL, the growth and development of G. molesta were slowly. But due to
the small number of insects in our experiment, it does not constitute ecological
statistics. So, we supposed that maybe the infection of B. bassiana with 1X10°
conidia/mL, it affects the normal growth and development of the G. molesta, thus
leading to the immune function of PGRP be restrained.

As a major pattern recognition receptor, PGRP plays an important role in the
innate immune regulation of G. molesta. In this study, it is the first time that we
obtained and verified the full sequence of the short types of PGRPs gene named it
GmPGRP-SC, its GenBank accession number is MW773839. The transcriptional
expression of GmPGRP-SC gene was analyzed in different developmental stages
and different tissues of G. molesta, result showed some difference with other

reported PGRPs from other insects, this may relate to its immunity functions either
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at specific times and in specific locations. RNA Interference (RNAi) is a post-
transcriptional gene silencing mechanism by which the expression of homologous
endogenous mRNA will be inhibited by the introduction of exogenous dsRNA or
small interfering RNA (siRNA) (Moritz et al., 2010; Liu et al., 2012; Xu et al.,
2016; Itsathitphaisarn et al., 2017). As a gene silencing method, RNAi played an
important role in advancing insect science and has helped in identifying functions
of many genes involved in physiological, developmental, behavioral and
reproductive processes of insects (Palli, 2014; Mallikarjuna et al., 2016). In this
study, the RNA interference of GmPGRP gene was successful in the fifth instar
larvae, and the effect was better 24 h after interference. Continued research laid the
foundation. However, the mortality rate of B. bassiana infected after interference
was not significantly different from that of the undisturbed group, which still needs
further study. Meanwhile we have identified the immune response reduced by B.
bassiana, it is the first time to study the interaction between B. bassiana and G.
molesta on molecular aspect. All these results have provided a good support for
better understand the function of GmPGRP-SC gene in G. molesta, and also lays a
foundation for finding target genes and further prevention and control by molecular
biology method. This can be applied by interfering the expression of GmPGRP-SC
gene, the immune ability of the body to resist fungus can be reduced, so as to

achieve an effective prevention and control role.
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4.2. Characterization and functional analysis of GmBGRP gene

4.2.1. Structure analysis and phylogenetic analysis of GmBGRP
The completed sequence has submitted to NBCI GenBank, the GenBank
accession number is ON055286. The open reading frame of GmBGRP was 1458
bp long, encoding a polypeptide of 486 amino acid residues, and with a non-coding
region containing 20 bp and 208 bp at its 5'end and 3 'end, respectively. The signal
peptide is located 1-18 residues, and without transmembrane region. The predicted
molecular mass was 54.8 kDa. Theoretical pl is 6.14. Conserved Domains were
used to analyze the domains contained in the protein, and the results showed that
the protein contained two domains. Protein sequence 24-137 aa contains the
CBM39 domain and this domain can recognize invading microorganisms. A typical
glycoside hydrolase family 16 domain (GLU domain) was found from the 249-420

aa, and this domain has the ability to bind to -1, 3-glucose (Fig. 22-23).
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Fig. 22. Nucleotide sequence and the deduced amino acid sequence of

GmBGRP gene. The nucleotide sequence is numbered from the 5’ end, and the

amino acid code is presented below the corresponding codon. The sequence of the

signal peptide is underlined. * Termination codon.
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CBM39 and GH16_beta_GRP domain-containing protein (domain architecture ID 11239545)
CBM39 and GH16_beta_GRP domain-containing protein
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I GH16_beta GRP cd02179 beta-1,3-glucan recegnition protein, member of ghycosyl hydroiase family 16; Beta-GRP (beta-1, ... 176-188 8,57e-157
[ CBM38 plam15886 Carbohydrate binding domain (family 32); This domain Is found at the M-terminus of beta-1, 24-120 4.89e-36

Fig. 23. Analysis of GmBGRP protein domain

In order to resist the invading microbes more effectively and better survival of
in nature, the immune-related genes have been constantly evolving and changing.
In this continuous process of evolution, BGRP families also forming into
different family members during evolution. They have different amino acid
sequences that perform their respective functions in the insect's immune system,
greatly improving the insect's ability to survive. The phylogenetic tree was
constructed based on the amino acid sequences of the GmBGRP and other 16
species of Lepidoptera insects (Fig. 20) which indicated that the was located in the
same phylogenetic branch as that of L. glycinivorila, but was far away from that of
Papilio xuthus, which belonged to the Papilionidac. However, amino acid
sequences are highly similar and may have the same function. The specific

functional mechanism still needs further study and discussion.
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wolb—osw— Grapholita molesta BGRP ON055286

Ostrinia furnacalis BGRP XP_028179419.1
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Manduca sexta BGRP AAN10151.1
Spodoptera frugiperdaBGRP XP_035445206.1
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Fig. 24. NJ phylogenetic tree based on amino acid sequence of the

GmBGRP and other insects. The GenBank accession numbers are behind the Latin names. The

numbers above the branch denote bootstrap percentages.

4.2.2. Developmental and tissue expression patterns of GmBGRP gene

The qPCR was performed to measure the relative expression of BGPR gene

transcripts in different developmental stages and tissues of G.

molesta. The expression levels of GmBGRP gene were higher in pupal

stage, and subsequently decreased in the adult stage, and it was also expressed in

other instars of larva and without significant difference (Fig. 25). The expression

levels of BGPR gene were very high epidermis, hemolymph and fat body from the

second day after 5th instar larvae, but lower in other tissues (Fig. 26).
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Fig. 25. The temporal expression level of BGPR gene Data in the figure are

mean + SD.

Fig. 26. The relative expression level of GmBGPR gene in different tissues
of the larva of G. molesta. Data in the figure are mean + SD.
4.2.3. The expression level of GmBGPR gene in response to B.
bassiana infection
Expression levels of BGPR gene in day two of the fifth instar larvae at
different time points after infected by B. bassiana (1 x 107 conidia/mL spore

suspension) and quantitated by Q-RT PCR. The expression level of BGPR gene
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were significantly increased at 24h and 48h after infected by B. bassiana, and was
induced 156-fold and 2.3-fold at 24h and 48h, respectively. But expression level of
BGPR gene was not significantly difference with that of control group at 72h after

infected by B. bassiana (Fig. 27).
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Fig. 27. The temporal expression level of BGPR gene of different time by

in treated with 1x107 conidia/mL spore suspension of B. bassiana (Data in the figure are

mean + SD. The asterisks above bars indicate significance between the treatment and the CK determined by

the student ’s t-test, respectively)

4.2.4. Effective siRNA-mediated knock-down of BGPR gene

transcription

The effects of knockdown of BGPR gene transcription in G. molesta were
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investigated by siRNA-mediated. Transcription of BGPR gene in fifth instar larvae
of G. molesta was reduced to approximately 88%, 86% at 24h and 48h post-
injection of siRNA, and it is extremely significant different compared with the
control group. The expression level BGPR gene after 72h of interference treatment
was significantly different from that of the control group (P<0.05), and decreased
by 36% (Fig. 28). Thus, demonstrating effective siRNA-mediated knockdown in
BGPR gene transcription in G. molesta and can be used for further detection of

antifungal infection ability.
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Fig. 28. RNAI efficiency of GmBGRP in body. G. molesta was injected with BGRP

siRNA (20 pg), or equal amounts of universal negative siRNA as control. RNAs were collected to check the
silencing efficiency by qPCR at specific time points. Data were representative of two independent repeats.

4.2.5. Analysis of antibacterial activity of larva of G. molesta after
GmBGRP gene silencing
In this study, larvae of G. molesta were infected by 1 x 107 conidia/mL of B.
bassiana after 24h of GmBGRP gene silencing by RNAi. The larval mortality rate
was calculated, so as to detect the immune defense ability of GmBGRP gene

against fungal infection in larval body of G. molesta. The results shows that the
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mortality rate of the control group infected only with B. bassiana (66.2%) was
significantly lower than that of the group infected with B. bassiana after RNA1
treatment (75.23%). These results show that the GmBGRP gene plays an important

role in the immune regulation of the G. molesta larva against fungal infection (Fig.

31).
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Fig. 31. The corrected mortality of G. molesta infected by 1 x 107

conidia/mL of B. bassiana

The insects were injected at 24h after injection of gene-specific siRNA, and the corrected mortality were calculated
within 7d. The group injected with the same amount of Negative CK was used as the negative control. The significance of

difference between the treatment group and the control group was determined via the student ’s t-test.

4.2.6. The GmBGRP gene mediated Toll pathway and phenol
oxidase activation against B. bassiana infection
Pattern recognition proteins recognize pathogen-related patterns and activate
downstream cellular and humoral immunity to clear pathogens. GmBGRP plays an
important role in resistance to infestation of G. molesta. How does it function? In
Drosophila, BGRP3 recognizes beta-1, 3-glucan and activates Toll pathway and

PPO pathway then resistance to fungal infection through the serine level
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associative activation (Matskevich et al., 2010). In order to further verify the role
of GmBGRP gene in the immune pathway in the larva of G. molesta, we examined
its effect on Toll pathway-related genes and PPO activity after 24 h of GmBGRP
gene RNA silencing. The mRNA expression levels of immune-related genes SRCB,
Serine-1, Serine-2, Serine-3, Serpin-2, Toll and PPO gene were detected by qPCR
after 24h injection of double-stranded RNA. The results showed that the
expression of these genes decreased after the interference of GmBGRP gene: the
difference of SRCB and PPO genes were extremely significant compared with the
control (p <0.001), Serine-1, Serine-2, Serine-3, Serpin-2 and Toll genes were
significant compared with the control (p < 0.05) (Fig. 29). This may be due to the

different roles of different genes in immune signaling pathways.
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Fig. 32. Relative expression levels of immune-related genes in G. molesta

larvae after 24h treated by GmBGRP gene interference
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After the silencing of GmBGRP gene, the hemolymph samples of larva were
taken periodically from the control and treatment group receptively, then it was
used to determine the PPO enzyme activity. The results shows that compared with
control group, PPO enzyme activity was significantly down-regulated after
GmBGRP gene silencing, especially after 24 h and 48 h, the enzyme activity in
hemolymph was significantly lower than that in control group (p < 0.05) (Fig. 30).
Therefore, it is suggested that speculated that GmBGRP gene as a pattern
recognition protein, plays an important role in the activation system of

prophenoloxidase in G. molesta larva.
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Fig. 33. The PPO enzyme activity in hemolymph of larva of G. molesta after
24 h 48 h, 72 h of GmBGRP gene silencing
Studies of the insect immune system have shown that pattern recognition
receptors can mediate the insect immune response in the insect defense system, and

many important advances have been made in the study of their function. On the
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one hand, the expression of antimicrobial peptides and other effector factors can be
activated by humoral immunity through the Toll pathway or IMD pathway. On the
other hand, it can regulate the aggregation and encapsulation reaction of cells and
prevent the spread of pathogenic agents in cells. In addition, it can also regulate the
melanism cascade reaction in insect body, through the catalytic activation of a
series of enzymes, the inactive phenol oxidase progen into active phenol oxidase,
causing the melanism of tissues. In this study, we report here the full-length
cDNAs encoding GmBGPR gene from the G. molesta larval. Similar to the BGRP
genes of other species, such as Bombyx mori, D. melanogaster, (Ochiai & Ashida,
1988; Kim et al., 2000; Pauchet et al., 2009), the glycosyl hydrolase 16
superfamily domains specific to the BGRP family was also found in the glycosyl
hydrolase 16 gene identified in this study. They may belong to the glycoside
hydrolase 16 superfamily members. The BGRP family consisting a total of 21
members from 10 species of Lepidoptera had been phylogenetically (Pauchet et al.,
2009). In this study, phylogenetic analysis revealed that the GmBGRP gene with
the closest relationship to BGRP gene form L. glycinivoreua. The expression levels
of GmBGRP gene were the highest in pupal stage, and the lowest in adult stage, as
well expressed in other instars of larva, but with no significant difference. This
result was consisting with BmPGRP-L5 in Bombyx mori, BmPGRP-L5 was highly
expresses in transition stage of metamorphosis (Xu et al., 2010). The expression
levels of GmBGRP gene were highest in epidermis, hemolymph and fat body from

the second day after 5th instar larvae, but lower in other tissues. In Plutella
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xylostella, BGRP gene was consistently expressed at all life stages and was
upregulated after microbial induction. The expression was mainly distributed in fat
bodies, epidermis and hemocyte (Huang et al, 2015). BGRP is used as a pattern
recognition receptor in insects to specifically recognize B-1, 3-glucan in fungal cell
walls and initiate immune response (Hoffmann, 2003). In this study, infection with
B. bassiana caused a sharp increase in GmBGRP gene expression in G. molesta.
This result was consisting with reports in other insects of Lepidoptera. In Bombyx
mori, the third day larvae of the 5th instar larvae were infected by B. bassiana, the
expressions of BGPR2 and BGPR4 were up-regulated and stable, which were
about 6 and 10 times that of the control group, respectively (Xu et al., 2010). Other
studies have shown that the expression of BGRPs gene in other insects at different
time after infected by fungi. In Anopheles Gambiae, it was up-regulated at 4h, 12h,
24h and 30h after bacterial infection, and the up-regulation was more obvious at
12h and 24h, and reached the peak at 12h, but there was no significant difference
between the control group at 30h (Dimopoulos et al., 1997).

Recognition of PAMPs by PRRs is a crucial step in PPO cascade activation.
In Manduca sexta, when BGRP combined with soluble P - 1, 3 glucans, laminarin,
then add to dilute the blood, it will induce participation serine protease cascade of
PPO activation pathways, and the activity of phenol oxidase can accumulate in the
plasma (Ma & Kanost, 2000). The expression of BGRP-3 in the fat body of larvae
of Ostrinia furnacalis increased significantly after stress from Escherichia coli and

Bacillus subtilis, and then decreased. The activity of PPO in hemolymph was


javascript:;
javascript:;

118

significantly decreased after silencing of GmBGRP, suggesting that BGRP-3 of the
Ostrinia furnacalis i1s one of the pattern recognition receptors involved in the
activation of PPO (Wu et al, 2018). Based on the role of PPO cascade in melanism
reaction, we speculated that GmBGRP could promote melanism through PPO
cascade activation. In this experiment, PPO activity in hemolymph was reduced
after RNA interference treatment, indicating that GmBGRP was positively
regulating PPO activity. At the same time, re-infection with B. bassiana resulted in
significantly higher mortality than the control, indicating that GmBGRP plays an
important role in the immune response against pathogenic fungal. Meanwhile, after
GmBGRP gene silencing, the expression levels of immune-related genes in the
immune signaling pathway decreased, which also proved its recognition role in the
signaling pathway and activated the expression of downstream genes. These results
will provide a basis for the development and improvement of novel microbial
insecticides targeting PRRs against pathogenic fungi.

4.3. Characterization and functional analysis of Serpin genes
(GmSerpin-2 and GmSerpin-3)

4.3.1. Structure analysis and phylogenetic analysis of GmSerpin-2
& GmSerpin-3

The completed sequences have submitted to NBCI GenBank, the GenBank

accession numbers are 0Q359960 and 0Q359968 respectively. The complete
cDNA fragments of GmSerpin-2 and GmSerpin-3 contained 1371 bp and 1554 bp

of open reading frame (ORF), potentially encoding a protein of 457 and 518 amino
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acids respectively. ExPASY analysis revealed that the proteins have a molecular
weight of 50.6 kDa and 58.3 kDa, 5.77 and 5.56 isoelectric point respectively.
SMART analysis revealed that GmSerpin-2 contains a typical SERPIN domain
(residues 80-442), and that domain in GmSerpin-3 is 41-450 amino acid residues

(Fig. 34).
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Fig. 34 The cDNA and encoding amino acid sequence of the GmSerpin-2 &
GmSerpin-3. (A represents GmSerpin-2 and B represents GmSerpin-3). The
underlined indicates the SERPIN domain, and the start and stop codon are

indicated in the boxes.
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To investigate the evolution of the GmSerpin-2 and GmSerpin-3 genes, we
analyzed phylogenetic trees based on alignment of their amino acid sequences. The
GmSerpin-2 and GmSerpin-3 amino acid sequences were searched in NCBI, and
the phylogenetic tree was constructed with of serpine genes obtained from other 12
insects. The results show that: the GmSerpin-2 protein shared greatest similarities
with the serpin2 from Leguminivora glycinivoreua and GmSerpin-3 shows most

closely related to the serpin3 from Pectinophora gossypiella (Fig. 35).

Grapholitha molesta serpin 3

Pectinophora gossypiella serpin3 XP_028172429.1
Ostrimia firnacalis serpin 3 XP 028172429.1

Amyelois transitella serpin 3/4 XP_013186212.1
Bombyx mandaring serpin B4 XP_ 0280414791
100

Vanessa atalanta serpin B3 XP_047537402.1

Dieris rapae serpin B3 XP 022131001.2
Danaus plexippus plexippus serpin 3a OWR50362.1

Grapholitha molesta serpin 2

100

Leguminivora gheinivorella serpin 2 AXS591412 .1
Ostrimia finnacalis serpin AHA43071.1

Bombvx mandaring serpin ALD62504 .1
Manduca sexta serpin 3a AAQ21505.1

57 Helicoverpa zea serpin 2-like XP_047034282.1

020

Fig. 36 Phylogenetic analyses of GmSerpin-2 and GmSerpin3 with serpins from

other species. The phylogenetic tree was constructed using the neighbor-joining algorithm and bootstrap

values (1000 repetitions) of the branches are indicated. The name and GenBank accession numbers of the
serpins are indicated.

4.3.2. Developmental expression and tissue distribution of
GmSerpin-2 and GmSerpin3
We performed qRT-PCR to determine the expression levels of s GmSerpin-2

and GmSerpin3 in different tissues and developmental stages. The gqRT-PCR
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analysis revealed that GmSerpin-2 and GmSerpin-3 were expressed in all
developmental stage and examined tissues. Expression pattern of different
developmental stages showed that GmSerpin-2 with greatest expression at the 4th
larval stage and lowest expression at the adult; GmSerpin-3 with greatest
expression at the pupa stage and lowest expression at the adult, and there are no
insignificant variations at other developmental stages (Fig. 37). The analysis also
revealed that GmSerpin-2 with higher expression levels in fat bodies, hemolymph
and epidermis (Fig. 38a), while GmSerpin-3 with higher expression levels in
hemolymph, fat body and malpighian tubule (Fig. 37b). The results indicated that

GmSerpin-2 and GmSerpin-3 may play an important role in biological processes.
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Fig. 37. Expression levels of GmSerpin-2 and GmSerpin-3 during
developmental stages. The sequence of period are 1st, 2nd, 3rd, 4th, 5th, pupae and

adult. (A represents GmSerpin-2 and B represents GmSerpin-3).
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Fig. 38. Tissue distribution of GmSerpin-2 and GmSerpin-3 in the second day after
5th instar larvae of G. molesta. (A represents GmSerpin-2 and B represents
GmSerpin-3)
4.3.3. Effect of nanoparticles on silencing efficiency of siRNA

In order to further optimize the effect of RNAIi interference, we adopted
nanoparticle mediated siRNA double-stranded to further verify the interference
efficiency. After RNAI, the GmSerpin-2 and GmSerpin-3 genes were successfully
silenced, and the expression level of GmSerpin-2 and GmSerpin-3 decreased to
different degrees at 6,12 and 48 h of interference, and decreased by 71. 05%, 36.
22%, 21.05%, and 83%, 64%, 27% respectively. There were significant differences
compared with the control group at 24h, 48h and 72h (P<0.05). In order to improve
the interference efficiency and the stability of dsSRNA, we use nanoparticles M2L
and NP2 mediated. The results show that, for GmSerpin-2 except 48 h, M2L and

NP2 can significantly reduce infection efficiency. For GmSerpin-3, NP2 with
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significant difference and better effect at 24h and 48 h, but M2L without
significantly different compared to unmediated nanoparticles groups (Fig. 39). This
indicates that there are some differences in the mediated effects of nanoparticles

for different genes.
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Fig. 39. RNAI efficiency estimation of GmSerpin-2 and GmSerpin-3 with
nanoparticle M2L and NP2 mediated. (A represents GmSerpin-2 and B represents
and GmSerpin-3).
4.3.4. Effect of M2L-mediated GmSerpin-2 gene RNA silencing on G.
molesta larval resistance to B. bassiana infection
The result shows that GmSerpin-2 gene interference effect is best at 24h when
M2L-mediated RNA of GmSerpin-2 gene was injected into the fifth instar larva. In
order to analysis the G. molesta larval resistance to fungi after GmSerpin-2 gene
silencing, both the treatment group and the control group were infected with B.
bassiana (1 x 107 conidia/mL) after 24h of GmSerpin-2 gene silencing. The
mortality of the treatment group and the control group was analyzed. There was
significant difference in the corrected morality of siRNAi-M2L treatment group

(84. 3%) and control group (66.2%) (Fig. 40). In conclusion, nanoparticle M2L
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mediated GmSerpin-2 silencing could significantly increase the mortality rate of

the Sth instar larvae of G. molesta and the reduce the defense ability against B.

bassiana.
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Fig. 40. The corrected mortality of G. molesta infected by 1 x 107
conidia/mL of B. bassiana
The insects were injected at 24h after injection of siRNA , and the
corrected mortality were calculated within 7 d. The group injected with the same
amount of Negative CK was used as the negative control. The significance of
difference between the treatment group and the control group was determined via
the student ’s t-test.

Serpins play important roles in insect immunity (Gan et al., 2001; Irving et al.,
2000). Serpins are widely distributed in eukaryotes and considered to be involved
in the regulation of several protease mediated biological processes such as the
immune response, metamorphosis and embryogenesis (Jiang & Kanost, 1997; De

Gregorio et al., 2002; Zhao et al., 2012). To maintain environmental homeostasis in
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insects, serpins function by regulating the activity of serine proteases and
inactivating proteinases irreversibly by forming covalent complexes (Tripathi &
Sowdhamini, 2008; Van et al., 2003). Studies have shown that Serpin coding genes
usually exist in the form of multi-gene families, and their number and biological
functions vary among different insect groups (Meekins et al., 2017). At present,
these gene have been successfully identified from Bombyx mori, Apis cerana,
Locusta migratoria, Anatolica polita boreali, Nilaparvata lugen and other insects,
and biological functions of some serpin genes have been studied (L1 et al., 2016; L1
et al., 2017; Yang et al., 2017; Li et al., 2020; Wu et al., 2022). In this study, two
full-length cDNA for G. molesta, GmSerpin-2 and GmSerpin-3 were analyzed and
sequenced, and characterization of their biochemical properties. Sequence
characterization showed that GmSerpin-2 and GmSerpin-3 both contained
conserved serpin domains, indicating that they belonged to a typical member of the
serpin protein family. Multiple sequence alignment showed that the GmSerpin-2
protein shared greatest similarities with the serpin2 from Leguminivora
glycinivoreua and GmSerpin-3 shows most closely related to the serpin3
from Pectinophora gossypiella indicating that they are closely related to each other
and may play similar biological functions in these insects. GmSerpin-2 with
greatest expression at the 4th larval stage and lowest expression at the adult, while
the Musca domestica serpin encoding gene SP2 was highly expressed in the second
and third instars of larva (Wei et al., 2017), these results suggesting that there may

be significant differences in their physiological function among different insects.
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The expression patterns are different between GmSerpin-2 and GmSerpin-2, that
indicates different serpin genes in the same insect may have different biological
functions. The expression of GmSerpin-2 and GmSerpin-3 in larva of G. molesta
has spatiotemporal specificity obviously. Our qRT-PCR analysis showed that
GmSerpin-2 was expressed in all examined tissues, with the highest expression
levels in the fat body, epidermal and hemocyte. while GmSerpin-33 shows higher
expression levels in hemolymph, fat body and malpighian tubule. The relatively
high expression of GmSerpin-2 and GmSerpin-3 genes in larval hemolymph may
be due to that serpin is involved in the regulation of serine protease cascade in
hemolymph. While in Manduca sexta, the expression levels of serpin-2 and serpin-
3 were low in larval hemolymph, but with high expression after being stimulated
by pathogenic bacteria (Gan et al., 2001; Zhu et al.2003).

Biological control based on entomopathogenic fungi is one of the optimal
strategies for green control of G. molesta, among which B. bassiana has been
developed into commercial preparations for the control of G. molesta. Under
natural conditions, the host infection process of B. bassiana begins with conidia
attachment on the host body wall, then germinates and penetrates the host body
wall, enters the blood cavity and turns into blastospore, and rapidly proliferates
through the way of germination until the blood cavity nutrient exhaustion causes
host stiffness (Butti et al., 2016). Obviously, overcoming the host insect immune
defense response is a key link and an important basis for B. bassiana to exert its

pathogenicity. Studies have shown that suppressing insect immune system can
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significantly reduce its ability for resisting pathogenic agents’ infection. For
example, when silencing the serpin gene of D. melanogaster, that can significantly
decrease its ability against B. bassiana infection (Yang et al., 2014; Han et al.,
2014).

RNAI as an emerging biological technology for silencing gene expression has
become a potentially powerful tool develops rapidly in recent years. However, the
biggest challenge for using RNAIi for effectively pest control is how to overcome
the low efficient of dsRNA delivery. With the rapid development of
nanotechnology, nanomaterials have been widely used in the many fields as well as
applied in pest control. Conjugation of dsRNA of the target gene with
nanoparticles can protect the dsSRNA from nucleolytic degradation and keep its
stability in the gut long enough to allow enough cellular uptake by the midgut cells.
Nanoparticles show great advantages in improving RNAi1 efficiency, and
promoting the development of RNAi-based pest management strategies. Under
most conditions, the nanoparticle combines with dsRNA into the
nanoparticle/dsRNA complex by the electrostatic interactions between the cationic
groups between the nanoparticle and the phosphate groups in the dsRNA.
Nowadays, there are many nanoparticles have been used in various insects to
enhance the RNAIi effect, such as cationic core-shell fluorescent nanoparticles
(FNP), quantum dots, branched amphiphilic peptide capsules (BAPCs), chitosan
(CS) etc. He et al., (2013) firstly reported when the larvae of Ostrinia furnacalis

were fed with FNP/CHT10-dsRNA mixture artificial, it will successfully silence
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the expression of CHTI10 gene then lead to the hindered of growth and
development of larvae (Yan et al., 2020). The nanoparticle mediated dsRNA
technology has been successfully applied in different pests, such as Anopheles
gambiae, Blattella germanica, Acyrthosiphon pisum, Tribolium castaneum,
Spodoptera exigua (He et al., 2013). Zheng et al (2019) used a fluorescent
nanoparticle mediated dsRNA to penetrate the Aphis glycines cuticle within 1h, the
result showed the RNAI efficiency reached to 95.4%, and aphid population control
effect reached to 80.5% (Zhang et al., 2019). In this study, we used nanoparticles
M2L and NP5 mediate GmSerpin-2 and GmSerpin-3 genes respectively, which
significantly improved the gene silencing effect and reduced its immune capacity,
thus improving the fungal control effect. However, there are many questions
remaining to be answered. The mechanisms involved in the interaction between
GmSerpin-2 and GmSerpin-3 and its target proteinases remain to be discovered.
Further research is needed on how to popularize it widely in the field. We need to
conduct more studies to evaluate these molecular and signaling mechanisms in
order to provide a clearer understanding of its possible functions in G. molesta.
Conclusions to Chapter 4

The complete sequence of GmPGRP-SC gene, GmBGRP, GmSerpin-2 and
GmSerpin-3 are obtained and characterized. They have been submitted to NBCI
GenBank respectively, and the GenBank accession number is MW773839,
ON055286, 0Q359960 and OQ35996.

The effect of B. bassiana on the regulation of immune-related gene
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expression were analyzed. Finally, we successfully silenced the target gene using
RNAI1 technology, and the effects of target gene silencing on larvae ability to resist
fungal infection were analyzed, which laid a good foundation for further improving
the control effect of entomopathogenic fungi.

The effects of GmBGRP gene silencing on Toll immune signaling pathway
related gene expression and PPO enzyme activity were analysed. And effectively
improve the interference efficiency of GmSerpin-2 and GmSerpin-3 genes

mediated by nanoparticles M2L and NPS5.
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CHAPTER 5
INVESTIGATION ON THE OCCURRENCE AND DYNAMICS
OF G. MOLESTA IN PEACH ORCHARD AND EVALUATION ON
THE CONTROL OF FIVE DIFFERENT BIOLOGICAL PESTICIDES
5.1. Dynamics of adult G.. molesta

The results of the survey on the number of attracting moths of G. molesta are
shown in Fig.41. According to the survey results in the Xinxiang area, we can
indicate that the overwintered larva began to pupate in late March, and the pupal
stage was 10-20 days. The first-generation adult appeared in early April and
reaching a high level around 4, May. Then, the number of G. molesta began to
increase continuously with the rise of temperature. The 1~ 2 generation larvae
generally occurred from late April to late June. In the mixed planting area of peach
fruit trees, the larvae mainly damaged the shoot of peach trees, and the 3~ 4
generation larvae mainly harmed fruits of peach and pear trees.

As shown in Fig 41, the occurrence of male adult G. molesta in Xinxiang has
no obvious rule, and with serious overlap generations. There is no obvious
boundary between each generation, especially between the 2~3 generation and 3~4
generation. It has been observed that the first-generation of larva is from end-April
to the end-May; the second-generation of larva is from early June to late June; the
third-generation of larva is from early July to mid-July; the fourth-generation of
larva 1s from early August to late August; and the fifth-generation of larva is from

late August to mid-September. The occurrence period of adult of overwintering
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generation was from early April to early May; the first-generation adult occurrence
period from mid-May to mid-June; the second-generation adult occurrence from
late June to early July; the third-generation adult occurrence from late July to early
August; and fourth-generation adult occurrence from late August to mid September.
However, the fifth-generation could not complete the complete generation due to
fruit picking and other reasons, and some climbed up the trunk after dropping the
fruit to overwinter under the old bark or the foundation. Because of the serious
overlapping of generations, we should take integrated control method, not only

rely on chemical pesticides.
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Fig. 41. Amount of day moths attracted by G. molesta from March, 2021 to
October, 2021
5.2. Investigation result of G. molesta on damage of peach shoot
The investigation results were shown in Table 13, it indicating that G. molesta
larvae had boring into the peach shoots from April 18. Generally, one G. molesta
larvae can harm 2-3 peach tree shoots, and it causes the tender tip of the damage

shoots with gummosis phenomenon, dry slowly. It is necessary to further study
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whether the G. molesta transfer damage habits are related to the gummosis
phenomenon of fruit trees. By comprising the number of damaged shoots and the
number of living larvae, we can indicate that larvae continued to damage peach
shoots from late April to late June. Meanwhile, the harm by G. molesta reached to
peak from early May to early June, which was also the time the number of old
larvae reach to high, while the young and middle larvae significantly decreased
after mid-June. Therefore, the middle May is the key time for controlling of G.
molesta in Xinxiang area. The damaged peach shoots can be cut off manually and
taken out of the orchard for centralized destruction in order to reduce the
occurrence of overwintering generation.

Table 13

Investigation of Grapholitha molesta larvae damaged shoot

Investigated Damaged Larvae  Percentage  Larvae devolvement
Data shoots in (%) stage

damaged Low Middle Mature

shoots
4.18 15 1 3.33 1 0 0
4.21 30 1 3.33 1 0 0
4.30 30 3 10.00 2 1 0
5.12 101 25 24.75 18 7 0
5.15 105 44 41.90 21 10 13
5.19 100 39 39.00 19 9 11
5.23 120 45 37.50 9 23 13
5.29 104 24 23.08 6 9 9
6.2 86 23 26.74 2 9 12
6.8 102 29 28.43 2 7 20
6.14 101 31 30.69 4 14 13
6.19 101 27 26.73 4 15 8
6.23 103 17 16.50 3 12 2
6.29 82 8 9.76 0 1 7
7.4 86 7 8.14 0 1 6
7.8 76 5 6.58 0 0 5
7.14 71 5 7.04 0 0 5

Note: Low stage larva is white, head and pronotum is brown, with age increased, body changed slightly

pink, mature larva length is 10-13 millimeters, light red.



133

According to the investigation on the damaged shoots of peach orchard with
different peach tree varieties (Table 14), the damaged shoots rate by G. molesta in
peach orchard was higher than that in nectarine orchard. And in the same peach
orchard, the damaged shoots are also different due to different planting densities.
The shoots damage is higher with planting density of 4x4 meters than that with
planting density of 3%3 meters (Table 15). The results also indicated that the
damaged shoots of peach orchard had the following rules: the damaged shoots rate
of peach trees on the edge of peach orchard is higher than that in the middle; the
damaged shoots rate of peach trees with extensive management is higher than that
of peach trees with fine management; and damaged shoots rate of peach fruit trees
with young fruit trees is higher than that of old fruit trees. These results indicate
that G. molesta harm to peach shoots is greatly related to the variety and growth
environment of peach trees. We can greatly reduce the occurrence number of
overwintering larvae and control it effectively, when we pay more attention to this
pest in ordinary agricultural production (Appendix C).

Table 14

Investigation of larvae damaged shoot in different peach orchard

Investigated Peach Nectarine

date Damaged Larvae Percentage Damaged  Larvaein  Percentage
shoots in shoot (%) shoots shoot (%)

59 50 8 16.00 50 10 20.00

5.14 50 13 26.00 50 14 28.00

5.16 50 9 18.00 50 16 32.00

5.20 50 11 22.00 50 14 28.00

6.4 50 12 24.00 50 11 22.00

6.10 50 8 16.00 50 10 20.00
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Table 15

Investigation of larvae damaged shoot in different planting density orchard

Investigated Planting density of 3 X3 m Planting density of 4 x4 m
date Damaged Larvae Percentage Damaged  Larvaein  Percentage
shoots in shoot (%) shoots shoot (%)
59 50 7 14.00 50 3 6.00
5.14 50 14 28.00 50 5 10.00
5.16 50 25 50.00 50 10 20.00
5.20 50 18 36.00 50 9 18.00
6.4 50 17 34.00 50 4 8.00
6.10 50 14 28.00 50 7 14.00

P AI TRIPLE CAMERA

Fig. 42. Investigation situation and the damaged shoot of the peach orchard.
17, May 2021
5.3. Safety investigation
According to the investigation, the growth of peach trees in the treatment

groups was basically the same as that in the control groups. The five biological
agents all had adverse effects on the growth of peach trees. These results indicating
that all the five agents were safe for the growth of peach trees.

5.4. Field control efficiency

Table 15
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Comparison of the control effect of different biological agents on G.

molesta in peach orchard

Name of the drug Dilution ratio Control effect (%)
7 days after 14 days after
treatment treatment
16 000 IU/mg Bt 200 56.3a 62.0a
6 0 g/ L Spinetoram 2000 86.4b 79.2b
24 0 g/ L Methoxyfenozide 5000 74.6¢ 80.1c
0.2% Celastrus angulatus MaXim 1000 68.25d 61.27d
10 billion spores Beauveria bassiana 10000 66.8¢ 67.1e

Note: Different letters after the same column of data indicate the extremely significant and
significant difference of the efficiency between treatments respectively.

The results were shown on Table 15, and it indicated that the 5
biological control agents all have certain control effects on G. molesta. On
day 7 after treatment, the control effectiveness of the five agents was 56.3% ~
86.4%. Its control effect was 63.1% ~ 80.1% on dayl4 in treatment groups.
There was no significant difference between the five drug treatments. Among
them, 60 g/L Spinetoram suspension 2000 times liquid and 240 g/L
Methoxyfenozide suspension 5 000 times liquid have better control effective.
On day 7 in treatment groups, the control effect was 86.4% and 74.6%,
respectively. Moreover, on day 14 in treatment groups, the control effect of
these two agents was still more than 78%, indicating that these two agents
had good quick and persistent effect on G. molesta. The control effects of
0.2% Celastrus angulatus MaXim and 10 billion spores B. bassiana were
68.25% and 66.8% respectively on day 7 after treatment, and the control
effects of these two agents on day 14 after treatment were 61.27% and 67.1%,

and without significantly difference, all the results indicating that the two
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agents had relatively good quick and lasting effect on the control of G.
molesta. The effect of 16 000 IU/mg wettable powder of Bacillus 200 times
liquid on the control of G. molesta on day 7 and 14 aftertreatment were
56.3% and 62.0%, it indicated that performance of prevention was relatively
stable. In summary, the five commonly used biopesticides have their own
advantages and disadvantages in the process of fild control for G. molesta. 60 g/L
Spinetoram suspension 2000 times liquid has higher and faster control effect.
Biological pesticides are far less toxic than traditional chemical pesticides and
have no residue in the soil, which is a green technology beneficial to soil and
environment (Cycon et al., 2017). And it mainly inhibits growth and development
of the pests, so as to achieve the purpose of effective pest control. However, the
activity against pests may be different at different doses and experimental
environments. Compared with chemical pesticides, the effect of biopesticides on
pests is generally slower, and generally does not directly kill pests, but prevents
feeding and laying eggs or inhibit the growth and development of larvae, thereby
inhibiting the growth of pest populations. Biopesticides is not the first choice in the
production of fruit farmers, and it need to be future promote vigorously. Moreover,
studies found that pesticide residues with fruits do harmful to human health. With
the improvement of living standard, organic fruit has become the object of people's
pursuit and as an increase in human vitamins, amino acids and other need to be
eaten often. Therefore, biological pesticides should be use in orchards urgently.

The G. molesta of is widely distributed, and make serious harm to fruit orchard.
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The rate of insect fruit in reproducing orchards exceeded 50%, and resulting in a
decline in fruit yield, quality, even a complete loss of edible value, which usually
cause serious economic losses. The G. molesta has become an important limiting
factor for green orchard production, such as peach orchard and pear orchard (Liu et
al., 2013).

The use of chemical pesticides can lead to occurrence of resistant strains and
can pose environmental hazards, accumulation in the food chain, high and acute
toxicity, prolonged degradation, and increased potency to eliminate beneficial and
harmful pests (Barnard et al., 1997). At present, the production of pollution-free
green fruit, the first concern is whether the selected pesticides are beneficial to the
surrounding biosafety, whether there are pesticide residues, according to the results
of this study, biopesticides are safe for natural enemies of peach orchard, will not
pollute the fruit and the environment, and are suitable for the control of G. molesta.
In this study, we also predicted the occurrence in Xinxiang area of adult G. molesta
by using sex attractors. And the investigated the larval occurrence by surveying the
peach trees shoots, the results provide scientific basis for the prediction and
comprehensive management of this pest. Therefore, the above five kinds of
biopesticide can be used as the main drugs to prevent and control G. molesta in
peach orchard. In order to ensure the control effectiveness, in the prevention and
control of this pest in peach orchard, it is recommended that the appropriate period
of control should be held 7~10 d after the peak of adult emergence. And we should

pay more attention to the rotation of the use of agents to delay the generation of
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resistance to this pest. However, the efficacy of biopesticides is easily affected by

many factors. We can also do more research on immune-related genes, and explore

more suitable target genes, so as to improve the efficacy of biopesticides, and

provide more powerful support for the scientific and green control of G. molesta.
Conclusions to Chapter 5

1. The survey results in the Xinxiang area shows that overwintered larva
began to pupate in late March, the pupal stage was 10-20 days, and first-generation
adult appeared in early April, which reaching a high level around 4, May. Larvae
of G. molesta had boring into the peach shoots from April 18. The middle May is
the key time for controlling of G. molesta in Xinxiang area.

2. The damaged peach shoots can be cut off manually and taken out of the
orchard for centralized destruction in order to reduce the occurrence of
overwintering generation. The damaged shoots rate by G. molesta in peach orchard
was higher than that in nectarine orchard. And in the same peach orchard, the
damaged shoots are also different due to different planting densities. The shoots
damage is higher with planting density of 4x4 meters than that with planting
density of 3%3 meters.

3. The five biological agents all had adverse effects on the growth of peach
trees. The results of this study indicating that all the five biological agents were
safe for the growth of peach trees. And the 5 biological control agents all have
certain control effects on G. molesta. On day 7 in treatment groups, the control

effec of the five agents was 56.3% ~ 86.4%. Its control effect was 63.1% ~ 80.1%
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on day 14 of treatment. Among them, 60 g/L pinetoram suspension 2000 times
liquid and 240 g/ Methoxyfenozide suspension 5 000 times liquid have better
control effectiveness with 86.4% and 74.6% control effect on day 7 in the
treatment groups. Moreover, the control effect of these two agents was still more
than 78% on day 14. The control effects of 0.2% Celastrus angulatus MaXim and
10 billion spores B. bassiana were 68.25% and 66.8% respectively on day 7 in
treatment groups, and the control effects of these two agents were 61.27% and
67.1% on day 14 in treatment groups which indicating that the two agents had

relatively good quick and lasting effect on the control of G. molesta.
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CONCLUSION

The dissertation provides a theoretical generalization and a new solution to
the scientific task of improving the biological control of G. molesta by using
immune genes as target genes, based on the interaction and immune response of B.
bassiana and G. molesta, the effects of B. bassiana on the infection concentration
and infection mode of G. molesta, the immune response of G. molesta larvae to B.
bassiana and the molecular identification and functional analysis of immune-
related genes of G. molesta, and the investigation on the occurrence and dynamics
of G. molesta in peach orchard and evaluation on the control of five different
biological pesticides.

1. As a result of studying the laboratory evaluation of the effect of B. bassiana
on the vital activity of G. molesta: it was clear that B. bassiana mainly infected G.
molesta through epidermal penetration, meanwhile the optimal infection
concentration of B. bassiana was determined. When the concentration of B.
bassiana is 1 x 107 conidia/mL, it caused higher mortality of G. molesta larvae.
These results provided a theoretical basis and practical guide for better biological
control of G. molesta by B. bassiana in field control.

2. As a result of molecular mechanism of B. bassiana and G. molesta through
transcriptome analysis of G. molesta larvae 24 h after infected by B. bassiana, the
immune-related genes were effectively screened. This is the first time that
performed the transcriptomics analysis of G. molesta larvae after infected by B.

bassiana. Research shows that gene of G. molesta after infected by B. bassiana,
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mainly involved in cellular processes, metabolism, biological control, development
and biological process. By comparing the treatment group to controls, with 965 up-
regulated and 790 down-regulated genes. The up-regulated genes in G. molesta
infected by B. bassiana were analysed, and 14 gene related to immune response of
G. molesta induced by B. bassiana were selected and quantified by qRT-PCR
method, the results show consistent with the transcriptome analysis and the
reliability of transcriptome sequence was verified. The immune response of G.
molesta larva infected by B. bassiana were firstly studied and analyzed. These
results given an advancing knowledge of the mechanisms involved in
entomogenous fungal and G. molesta and will be helpful in reaching a better
understanding of the fungal infections and hosts insects interactions, which lays a
good foundation for better use of fungi for biological control of G. molesta. These
research results laid a good foundation for further improving the control effect of
entomogenous fungi through molecular mechanism research, searching for
effective target genes, and developing new pesticides, and provided solid and
reliable data support for subsequent research.

3. As a result of characterization and functional analysis of Immune
recognition gene GmPGRP-SC, GmBGRP, GmSerpin-2 and GmSerpin-3, the
complete sequence of immune-related genes: GmPGRP-SC gene, GmBGRP,
GmSerpin-2 and GmSerpin-3 are firstly identified and characterized. They have
been submitted to NBCI GenBank respectively, and the GenBank accession

number is MW773839, ON055286, 0Q359960 and OQ35996 respectively, these
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genes studied have potential applications and are in the process of being certified.
The physical and chemical properties, gene structure, amino acid sequence,
systematic evolution, and expression patterns of the gene family were analysed
which laying a better foundation for further investigation of their functions. The
target immune-related gene expression changes in G. molesta in response to
infection with B. bassiana were described using qPCR method. Finally, the
effective targeted gene silencing strategy to reduces insect immunity against fungal
infection using RNA1 technology were demonstrated, which laid a good foundation
for further improving the control effect of fungi. Immune gene silencing has
potential application value, because it can reduce the immune ability of G. molesta,
so as to better use biological control means to achieve the best control effect.

All results could contribute to abetter understanding of the resistance
mechanism of B. bassiana on G. molesta and provided a foundation for designing
the IPM strategy for the effectively controlling G. molesta in the field. 4. As a
result of investigation on the occurrence and dynamics of G. molesta in peach
orchard and evaluation on the control of five different biological pesticides: the
best control period of G. molesta was better understood, and more effective
biological control reagents were selected. The result indicated that middle May is
the key time for better controlling of G. molesta in Xinxiang area. The damaged
shoots rate by G. molesta in peach orchard was higher than that in nectarine
orchard. The shoots damage is higher with planting density of 4x4 meters than that

with planting density of 3x3 meters. The five biological agents all had adverse
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effects on the growth of peach trees. And the 5 biological control agents all have
certain control effects on G. molesta, but among them, 60 g/L pinetoram
suspension 2000 times liquid has better control effectiveness with 86.4% on day 7
in the treatment groups. And the effects were still over 78 % after 14 days of
treatment. These research results provide theoretical and reliable data support for
better understanding the occurrence rule of G. molesta and effective use of
biological control methods in field control. It laid the foundation for the research of

biological control of G. molesta.
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PROPOSALS FOR PRODUCTION

1.The use of B. bassiana for field control needs to be taken at the end of the
larva outbreak, and the appropriate concentration should be taken for body wall at
the concentration of B. bassiana is 1 x 107 conidia/mL to achieve better control
effect.

2. The exploring of immune genes has potential application value in the
development of new pesticides to improve the control of B. bassiana and other
entomopathogenic fungi for G. molesta control. Especially for Serpin genes, the
research in this area should be strengthened to provide an effective way to better
improve the biological control of G. molesta. At the same time, the mediation of
nanoparticles should be better used for strengthen the effect of biopesticides.

3. In order to seclcted the right time and take more effective measures for
contrl of G. molesta, it is necessary to effectively grasp the law of its occurrence
harm and accurately grasp the law of occurrence. For the test of five originally
used biopesticides, 60 g/L pinetoram suspension 2000 times liquid should be

preferred.
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The Peptidoglycan recognition protein from Grapholitha Molesta GmPGRP-SC gene
has been submitted to NCBI GenBank, and the GenBank accession number is
MW?773839. This gene is an important pattern recognition receptor, this gene can as a
potential target molecule, and provide scientific basis for the development of new
biogenic pesticides and the realization of Green Pest Management (GPM). In view of
this research content, this certificate is issued as a financial encouragement and reward.
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The beta-1,3-glucan recognition protein from Grapholitha Molesta GmBGRP gene has
been submitted to NCBI GenBank, and the GenBank accession number is ON055286.
This gene is an is an important Pattern recognition protein (PRPs), and play an
important role in immune recognition and signaling pathway of insect innate immunity.
Study of this gene can be applied to the development of other biological control agents
and improve their control effect. And also, for the development of new biogenic
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The Serine protease inhibitors-3 from Grapholitha Molesta GmSerpin-3 gene has been
submitted to NCBI GenBank, and the GenBank accession number is 0Q35996. This
gene is an important immunomodulatory gene that plays an important role in the
immune response of insects under fungal infection. Study of this gene can be applied to
the development of other biological control agents and improve their control effect.
And also, for the development of new biogenic pesticides and the realization of Green
Pest Management (GPM). In view of this research content, this certiﬁcate/ieﬁued\as a
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The Serine protease inhibitors-2 from Grapholitha Molesta GmSerpin-2 gene has been
submitted to NCBI GenBank, and the GenBank accession number is 0Q359960. This

gene is an important immunomodulatory gene that plays an important role in the

immune response of insects under fungal infection. Study of this gene can be applied to
the development of other biological control agents and improve their control effect.
And also, for the development of new biogenic pesticides and the realization of Green
Pest Management (GPM). In view of this research content, this certiﬁcat%i:s'ﬁgged asa
financial encouragement and reward. (‘f :{ :
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Appendix C

Investigation on the occurrence and dynamics of G. molesta in peach

orchard and evaluation on the control of five different biological

pesticides
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